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ABSTRACT
Identifying the structural characteristics of buildings, and the structural components, 
using measured dynamic response could provide engineers with an early warning 
system of the occurrence of damage. The key to such an approach is to understand 
how the processes of damage, which may be caused as a result of a single specific 
event or as part of natural deterioration, influences the dynamic response properties. 
By understanding how the processes involved in damage affect the latter, engineers 
can make use of this information, which could provide a basis for remedial action.
This research project was initiated to study where damage identification, using 
measured dynamic characteristics, could be of particular advantage over more 
commonly adopted visual based methods. To achieve a thorough investigation into 
the beneficial aspects of this non-invasive and non-destructive process, a 
comprehensive study has been compiled and presented in this thesis, which aims to 
provide detailed information of those circumstances when the technique is most 
appropriate. The research examines how natural frequencies, mode shapes and 
damping characteristics are affected by damage, and provides detailed results of 
investigations carried out to determine the sensitivity of these properties to 
deliberately induced structural defects. The study focuses on a full-scale eight-storey 
steel-framed building, which was constructed for the purposes of research in structural 
engineering.
To commence the work, a study is presented that compares natural frequencies 
representative of the whole-frame behaviour of the building during specific stages of 
construction, to similar characteristics determined from calculations. This comparison 
reveals that calculations prepared using a detailed analytical model of the structure do 
not represent the information found from measurement, which is thought to be a 
general observation that would be encountered in other similar studies. A method is 
presented that allowed calibration of the prepared numerical model against the 
measured values, which is vital if changes in the structure, as a result of damage, are to 
be interpreted from natural frequency measurements collected over time.
Similar comparisons were carried out on one of the floors within the above-mentioned 
building. In this case, a more refined numerical model of the structure was prepared 
and was used to calibrate calculated natural frequencies of the floor against those 
measured directly from the structure before and after damage. To achieve the 
calibration, the methodology formulated from studies on the whole-frame was utilised, 
with additional rigour being introduced into the procedure to allow the imposed 
damage to be quantified in further detail.
A detailed laboratory investigation was carried out, which examined the changes that 
occurred to the natural frequency, damping and mode shapes of localised slab panels. 
These panels were prepared to represent localised sub-elements of the aforementioned 
floor slab, and were tested under both static and dynamic load conditions to allow 
imposed damage and dynamic characteristic changes to be identified and compared. 
The former of these loading conditions was considered to provide a controlled means 
of introducing damage, which was quantified by recording strain and displacement 
data during the procedures associated with the test. To interpret the damage caused by
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this process, a number of numerical models are presented, which model the 
characteristics thought to be attributed to the defects due to the static loads. 
Comparing this information to that obtained from the dynamic load tests reveals the 
sensitivity of the dynamic characteristics and how they are influenced by the 
development of the progressive damage.
Finally, due to certain characteristics that were observed from the measurements 
recorded during the dynamic load testing above, a number of mathematical models are 
presented, which show how the adjusted dynamic behaviour of the damaged structure 
can be calculated. This last phase of the research provides additional detail of the way 
the dynamic response of the panels changes after damage had occurred, which has 
been considered to offer an additional means of recognising the onset of structural 
damage.
VI







LIST OF CONTENTS............................................................................................... vii
LIST OF FIGURES ................................................................................................. xxii
LIST OF TABLES ...................................................................................................xxxi
LIST OF SYMBOLS .............................................................................................xxxiv
LIST OF ACRONYMS AND ABBREVIATIONS .............................................xxxix
CHAPTER 1
Damage Identification in Engineering Structures from Changes in Measured
Dynamic Response-Introduction...............................................................................!
1.1 Foreword...........................................................................................................!
1.2 The Present Research........................................................................................!
1.3 Synopses of the Studies Ahead.........................................................................3
CHAPTER 2
Damage Identification in Engineering Structures from Changes in Measured
Dynamic Response - A Review of Literature.............................................................?
2.1 Introduction..........................................................--............ -........... .............7
2.2 Damage Identification using Numerical Models of Structural Behaviour....... 8
2.2.1 Methods based on 'error minimisation' or 'maximisation' principles.........9
2.2.1.1 Method by Cawley and Adams....... .......................................................9
2.2.1.2 Methods by Friswelletal....................................................................\\
2.2.1.3 Method by Zimmerman et al ...............................................................13
2.2.3 Methods based on 'correlation' principles................................................. 14
2.2.3.1 The 'MAC'and 'COMAC'approach..................................................^
2.2.3.2 Modified 'MAC'methods.........................-....-.--..------.......^5
Vll
Damage Identification in Engineering Structures... List of Contents
2.2.4 Methods based on 'stiffness matrix adjustment'........................................ 16
2.2.5 Methods based on numerical modelling of the damage.............................18
2.2.5.1 Methods based on modifyingFE analysis....................................... ....18
2.2.5.2 Method based on constitutive material models of damage ................. 19
2.2.6 An example to demonstrate the application of selected damage 
identification methods cited above.............................................................20
2.2.6.1 A hypothetical problem .......................................................................20
2.2.6.2 Solution using the Cawley and Adams (1979) proposals.. ..................20
2.2.6.3 Solution using the approach ofZimmerman et al...............................23
2.2.6.4 Discussion.... .......................................................................................24
2.3 Damage Identification using Changes in the Dynamic Characteristics Alone... 
.........................................................................................................................25
2.3.1 Methods based on a comparison of many structures..................................26
2.3.2 Methods aimed at developing a library of performance indicators............ 26
2.4 A Sample of Published Reports showing the Application of Damage 
Identification Methods to Structures of Varying Scale...................................27
2.4.1 Studies carried out on small-scale (model) structures................................27
2.4.2 Studies carried out on large-scale (civil / structural engineering) structures 
....................................................................................................................30
2.5 Discussion and the Way Forward ...................................................................31
2.5.1 Main points to note from the review..........................................................31
2.5.2 The way forward ........................................................................................33
CHAPTER 3
The Methodology for Dynamic Testing and the Approach used to Determine the
Dynamic Characteristics of Structures from Measured Response Signals ...........35
3.1 Introduction.........................................................- ........................................35
3.2 Determining the Dynamic Characteristics of Engineering Structures - A 
Review of Published Literature .....................................     .   .... .................36
3.2.1 Methods used to induce vibration of engineering structures...................... 36
3.2.11 Impact induced vibration using an instrumented hammer..... .............36
3.2.1.2 Impact vibration induced by human activity............................ ...........37
3.2.1.3 Forced vibration by electro-dynamic shaker ......................................38
via
Damage Identification in Engineering Structures... List of Contents
3.2.1.4 Forced vibration using an eccentric-mass excitation device........ ......39
3.2.2 Determining the dynamic characteristics of a structure from periodic, non- 
random vibration response measurements .................................................40
3.2.2.1 Determination of the natural frequency of a structure using FFT 
methods ...............................................................................................41
3.2.2.2 Natural frequency and damping from decay-of-vibration signals ...... 41
3.2.2.3 Natural frequency and damping from forced steady-state vibrations 
.............................................................................................................42
3.2.3 Determining the dynamic characteristics of a structure from stationary 




3.2.4 Other methods of determining dynamic characteristics from random data... 
....................................................................................................................47
3.2.4.1 From non-stationary data.................................................................. .47
3.2.4.2 Alternative spectral analysis techniques for use with stationary data....
.............................................................................................................48
3.3 The Test Equipment and Methodologies used to Determine the Dynamic 
Characteristics of the Structures in the Present Work ....................................49
3.3.1 Introduction................................................................................................49
3.3.2 The test equipment .....................................................................................49
3.3.3 Instrumentation and equipment specifications...........................................50
3.3.3.1 Velocity transducers (geophones) .......................................................50
3.3.3.2 Acceleration transducers ....................................................................50
3.3.3.3 Variable-frequency filter.......... ...........................................................50
3.3.3.4 Analogue to digital converter..............................................................5l
3.3.3.5 Stepper drive and variable speed drive motor.................................... 51
3.3.3.6 The mechanical eccentric mass device ...............................................52
3.3.3.7 The portable computer and data storage............................................52
3.3.4 Methodologies to be used to determine the dynamic characteristics from 
the measured vibration response signals....................................................53
Damage Identification in Engineering Structures . . . List of Contents
3.3.4.1 Determining the natural frequency with an Fast Fourier Transform
3.3.4.2 Determining the natural frequency and damping from measured 
decay-of-vibration response signals ...................................................53
3.3.4.3 Determining natural frequency and damping from Frequency 
Response Functions (FRFs) ................................................................54
CHAPTER 4
The Comparison of Calculated and Measured Natural Frequencies of a Full-
Scale Building ..............................................................................................................57
4.1 Introduction and Aim...................................................................................... 57
4.2 Comparing Analytically Predicted and Measured Dynamic Characteristics . .....
.........................................................................................................................58
4.2.1 Simple empirical formulae......................................................................... 58
4.2.2 Frame analysis by continuum element modelling..................................... 59
4.2.3 Frame analysis by sub-structure modelling................................................60
4.2.4 Frame analysis using the 'Grinter substitute frame' ..................................61
4.2.5 Frame analysis by full FE analysis.............................................................61
4.2.6 Discussion on review .................................................................................63
4.3 Construction Data of the Eight-Storey Steel-Framed Building......................63
4.3.1 The building construction...........................................................................63
4.3.1.1 lftai/%...............................................................................................64
4.3.1.2 Beams and columns.................................................... .........................64
4.3.1.3 The floor construction............................ .............................................64
4.3.1.4 The in-fill panel walls .........................................................................65
4.3.2 The construction phases .............................................................................65
4.4 Dynamic Characteristics of the Steel-Framed Building from Measured 
Response and 'As-constructed' Information ..................................................66
4.4. 1 The natural frequencies from ambient vibration response measurements .....
......................................................................................................67
4.4.2 Natural frequency and damping from forced vibration tests at construction
4.4.3 Measured mode shapes of the building at construction phase 4 ................70
Damage Identification in Engineering Structures... List of Contents
4.4.4 The calculated mass of the building...........................................................71
4.4.5 Calculated whole frame modal stiffness change at each construction phase 
....................................................................................................................71
4.5 The Analytical Models....................................................................................74
4.5.1 The full FE analysis....................................................................................75
4.5.1.1 Tabulated properties ofthe FE models........................... ....................76
4.5.2 The Grinter substitute frame ......................................................................77
4.5.2.1 Fundamental assumptions relating to the eight-storey steel-framed 
building ...............................................................................................78
4.5.2.2 Condensing the three-dimensional frame into a plane frame form .... 79
4.5.2.3 Condensing the plane frame into a Grinter substitute frame.............. 80
4.6 The Results of the Analysis ............................................................................83
4.6.1 Natural frequencies calculated using the full FE frame analysis ...............83
4.6.2 Natural frequencies and mode shapes from the GRIND computer program 
....................................................................................................................84
4.6.3 Calculated whole frame stiffness change from the analytical results ........84
4.6.3.1 Whole frame stiffness change using the frequency results from the full 
FE analysis..........................................................................................85
4.6.3.2 Whole frame stiffness change using the results from GRIND.. ...........85
4.7 Comparison and Discussion of Measured and Calculated Results.................95
4.7.1 The full FE frame model ............................................................................95
4.7.2 The Grinter substitute frame using GRIND ...............................................97
4.8 Concluding Discussion ...................................................................................98
4.8.1 The full frame FE model ............................................................................98
4.8.2 The results from GRIND using the Grinter substitute frame.....................98
4.8.3 Calibration of the analytical models........................................................... 99
CHAPTER 5
A Calibration Methodology for the Calculation of Natural Frequency and Mode
Shapes using the Grinter Substitute Frame Analysis............................................ 100
5.1 Introduction................................"-.."""—-"""""—•••••••••••••••••••••••••••••••••—• 100
5.2 Calibration Variables Identified by Published Reports ................................ 100
5.2.1 The effects of soil-structure interaction ...................................................100
XI
Damage Identification in Engineering Structures... List of Contents
5.2.2 Rotational restraint at joints..................................................................... 101
5.2.3 Contribution of block-work wall in-fill panels ........................................ 102
5.3 Discussion Relating to the Calibration of the Grinter Substitute Frame ...... 103
5.3.1 The influence of rotational restraint at the foundation of the frame..............
..................................................................................................................103
5.3.2 The influence of rotational restraint at a beam to column connection...........
..................................................................................................................104
5.3.3 The stiffening influence of block-work panel walls................................. 105
5.3.4 Modifying the GRIND program to take account of calibration............... 106
5.4 The Calibration Parameters for the Grinter Substitute Frame...................... 107
5.4.1 Calculated natural frequencies corresponding to varying joint fixity 
conditions................................................................................................. 107
5.4.1.1 Mathematical formulation of natural frequency for varying conditions 
of joint fixity ...................................................................................... 107
5.4.1.2 Graphical interpretation of formulation for assessment of joint fixity 
...........................................................................................................109
5.4.2 Calibration of the block-work panel walls............................................... 110
5.4.2.1 Calculated natural frequencies corresponding to varying spring 
stiffness..............................................................................................\\Q
5.4.2.2 Mathematical formulation of natural frequency for varying contact 
ratio, a.............................................................................................. 113
5.4.2.3 Calculating the modified f3m va/«e....................................................H3
5.4.2.4 Variation of fim , afor various a values ..............................................116
5.5 Calibration Results Associated with each Construction Phase..................... 117
5.5.1 The approach adopted to calibrate the steel-framed building.................. 117
5.5.2 Results of calibration.............................................................................. 117
5.5.3 The whole frame stiffness of the Grinter substitute frame from the 
calibration results............................-...............--.—...................................118
5.6 Discussion and Comparison of Measured and Calibrated Results ............... 119
5.6.1 Calibrated EW and NS properties............................................................ 125
5.6.1.1 Observations from the EW 1 andNS 1 results..... .............................125
5.6.1.2 Observations from the EW 2 andNS 2 results......... ......................... 126
5.6.2 Mode shape comparison for construction phase 4................................... 127
Xll
Damage Identification in Engineering Structures... List of Contents
5.7 Sensitivity of the Calibrated Model and its Application to Damage Detection 
.......................................................................................................................127
5.7.1 Sensitivity of the calibrated Grinter frame to localised stiffness change.......
..................................................................................................................128
5.7.2 Measured natural frequencies obtained from the building after real damage 
.......................................................................................................................129
5. 7.2.1 Conditions imposed on the building to cause damage ...................... 129
5.7.2.2 Measured natural frequencies obtained after damage ..................... 130
5.7.3 Discussion on the practicality of detecting damage on a whole frame basis 
..................................................................................................................131
5.7. 3.1 Using the calibrated Grinter substitute frame to detect damage ...... 131
5.7.3.2 Using the measured information from whole frame response 
measurements.................................................................. ..................131
5.8 Concluding Discussion................................................................................. 132
CHAPTER 6
Application of the Calibration Methodology to Quantify Damage in a Composite
Floor Slab within a Full-Scale Building ............................................................... 133
6.1 Introduction................................................................................................... 133
6.1.1 The floor structure considered for the study ............................................133
6.1.2 Post-damage floor condition.................................................................... 134
6.1.2.1 The cause of structural damage to the floor ..................................... 134
6.1.2.2 Visual observations of the damage ................................................... 134
6.2 Description and Results of the Dynamic Tests for the Pre and Post-Damaged 
Floor..............................................................................................................135
6.2.1 Dynamic testing methods.....................................—................................. 135
6.2.2 Measured natural frequencies from the floor response signals................ 135
6.2.2.1 Pre-damage frequencies..................... ............................................... 135
6.2.2.2 Post-damage frequencies...............-.............——...................-......^
6.2.2.3 Interpreting the mode order of the floor ........................................... 136
6.2.3 Discussion on the results obtained from the autospectra......................... 137
6.2.3.1 The natural frequency values................................--.......-............^
6.2.3.2 Peak spectral response amplitude........——-...-———-— ...........138
Xlll
Damage Identification in Engineering Structures... List of Contents
6.2.4 Post-damage mode shape corresponding to the fundamental mode of bay 2 
..................................................................................................................142
6.3 Predicting the Natural Frequency of the Floor............................................. 143
6.3.1 Semi-empirical definitions of floor natural frequency............................. 143
6.3.2 'Closed-form' mathematical predictors of floor natural frequencies....... 144
6.3.2.1 Calculating natural frequencies neglecting floor continuity ............ 144
6.3.2.2 Calculating natural frequencies of floors with continuity ................ 145
6.3.3 Calculating the natural frequencies of floors using finite element analysis 
..................................................................................................................147
6.3.3.1 Material Young's modulus for dynamic analysis..............................\48
6.3.3.2 Modelling the boundary conditions offloors....................................l49
6.4 Calculating the Pre and Post-Damage Frequencies of the Building Floor... 15 0
6.4.1 Calculations based on the semi-empirical and mathematical relationships 
..................................................................................................................150
6.4.2 Modelling the floor using aFE approach................................................. 155
6.4.3 Description of the FE models - the assigned structural properties.......... 155
6.4.3.1 Models 1 and 2 -the localised bays .................................................156
6.4.3.2 Model 3 - the continuous floor model............................................... 156
6.4.4 Pre-damage modelling assumptions......................................................... 156
6.4.4.1 Grillage element connectivity ...........................................................156
6.4.4.2 Modelling the continuity at the perimeter of the bays.......................\57
6.4.4.3 Other boundary-conditions ...............................................................157
6.4.5 Post-damage modelling assumptions....................................................... 158
6.4.5.1 Models 1 and 2-the localised bay models.......................................15%
6.4.5.2 Model 3 -the continuous floor model.....,.........................................l5&
6.5 The Calibration Parameters for the Modelled Floor Areas........................... 162
6.5.1 The calibration methodology applicable to the floor............................... 162
6.5.2 Rationalising the boundary variables....................................................... 162
6.5.3 Mathematical relationship of calculated natural frequency for varying 
restraint conditions...................-"-———————••——•————•••—•••••••••••••163
6.5.3.1 Frequency-variation-profile obtained from the models with varying 
perimeter restraint..................................................••••••••••••..............\64
XIV
Damage Identification in Engineering Structures... List of Contents
6.5.3.2 Graphical interpretation of the formulation for the assessment of floor 
perimeter restraint ............................................................................165
6.5.3.3 Calculating the calibration variables (fim 1,2,3,4) corresponding to pre- 
damage frequencies...........................................................................\6%
6.5.3.4 Calculating the calibration variable ($d) corresponding to post- 
damage frequencies...........................................................................\68
6.5.3.5 Example use ofthe proposed graphical method................... ............169
6.5.4 The approach adopted to calibrate the floor models................................ 169
6.5.4.1 Calibrating the models with measuredpre-damagefrequencies...... 170
6.5.4.2 Calibrating the models with measured post-damage frequencies .... 170 
6.6 Calibration Results for the Pre and Post-Damaged Floor............................. 171
6.6.1 Results of the calibration using the measured natural frequencies .......... 171
6.6.2 Comparison of measured and calibrated mode shape results................... 171
6.6.3 Using the calibrated results to quantify damage...................................... 175
6.6.4 Observations and discussion of the calibrated results ..............................175
6.6.4.1 Using the FVP values o/(pm) and (p^) to quantify damage..............175
6.6.4.2 Choosing appropriate restraint (p) values .......................................176
6.6.4.3 Observations from mode shape comparison........ .............................179
6.6 Concluding Discussion................................................................................. 180
CHAPTER 7
Experimental Results of Static and Dynamic Tests to Identify Damage in
Composite Floor-Slab Panels...................................................................................182
7.1 Introduction................................................................................................... 182
7.1.1 Aim of the static load tests....................................................................... 182
7.1.2 Aim of the dynamic tests..........................................................................183
7.2 Properties of the Panels and the Static Load Test Set-up .............................183
7.2.1 The geometry of standard CF70 units......................................................183
7.2.2 The properties of the panels considered for the laboratory tests.............. 183
7.2.3 The static load arrangement adopted for the laboratory panels ............... 185
7.3 Description of Laboratory Tests and Procedures.......................................... 186
7.3.1 Determining the properties of the concrete used to make the panels.............
....................................................................186
XV
Damage Identification in Engineering Structures... List of Contents
7.3.2 Procedure adopted for the static loading of the panels............................. 186
7.3.2.1 Load sequencing adopted for the phase I tests .................................188
7.3.2.2 Load sequencing adoptedfor the phase II tests.............................. ..188
7.3.3 Methods adopted to record data during the static load tests .................... 189
7.3.3.1 Recording detailed panel section strains.......................................... 189
7.3.3.2 Recording the panel displacement ....................................................190
7.3.4 Methods used to induce and measure the vibration response of the panels... 
..................................................................................................................190
7.3.4.1 Impact force induced vibration......................................................... 190
7.3.4.2 Steady-state-force-inducedvibration................................................\9\
7.3.5 Description of the approach considered for the processing of the measured 
static and dynamic data identified above .................................................192
7.3.5.1 Least-squares regression analysis ....................................................192
7.3.5.2 Validating the regression lines using a correlation approach ......... 193
7.3. 5.3 Applying the regression approach to the measured data.. ................ 193
7.3.6 Collecting vibration data at varying response amplitudes ....................... 194
7.3.7 Choosing to study the fundamental vibration mode behaviour only ....... 195
7.4 Processed Data from Laboratory Static Load Test Results ..........................198
7.4.1 Properties of the concrete and the laboratory results from standard tests......
..................................................................................................................198
7.4.1.1 Compressive strength of the concrete............................................... 198
7.4.1.2 The Young's Modulus oj'the concrete............... ................................198
7.4.2 Processed section strain data from the static load tests conducted on the 
panels.......................................................................................................199
7.4.2.1 The calculated strain variation from accumulated data ................... 199
7.4.2.2 The calculated strain distribution obtained from the regression lines... 
...........................................................................................................199
7.4.3 Processed displacement data from the static load tests............................200
7.4.4 Tabulated results of the regression analysis.............................................200
7.5 The Moment-Curvature Relationships.......................................................214
7.5.1 Calculating the moment-curvature relationship .......................................214
7.5.1.1 Method 1 - Moment-curvature from the measured strain information ..
..................................................................214
xvi
Damage Identification in Engineering Structures... List of Contents
7.5.1.2 Method 2 - Moment-curvature from the measured displacement 
information.......... ..............................................................................214
7.5.2 The calculated structural stiffness of the panels corresponding to 
incremental static load..............................................................................216
7.6 Processed Data from the Dynamic Tests ......................................................218
7.6.1 The information presented .......................................................................218
7.6.2 Normalisation of the response amplitudes ...............................................219
7.6.3 The natural frequency and damping values determined from the impact 
and decay-of-vibration response signals ..................................................220
7.6.3.1 Natural frequencies from a FFT of the measured response signals .......
...........................................................................................................220
7.6.3.2 Natural frequency and damping from the correlation of measured and 
calculated decay-of-vibration response ............................................221
7.6.3.3 Compiled natural frequency and damping values ............................ 221
7.6.4 Natural frequency and damping from the correlation of measured and 
calculated frequency response functions..................................................222
7.6.5 Amplitude dependency of natural frequency and damping .....................222
7.6.6 Frequency-dependent behaviour observed in the measured frequency 
sweep data................................................................................................223
7.6.7 Mode shape profiles determined from measured response signals ..........224
7.7 Relating Panel Stiffness to Dynamic Property Changes...............................242
7.7.1 The moment-curvature (M-C) relationships ............................................242
7.7.2 Possible cause of the observed stiffness reduction portrayed by the 
moment-curvature relationships...............................................................243
7.7.3 Interpreting the observed stiffness change as a form of structural damage... 
..................................................................................................................243
7.7.4 Quantitative comparison of damage extent against the observed natural 
frequency and damping changes ..............................................................244
7.8 Concluding Remarks..........................................».».»»»—•••••--................247
7.8.1 Using natural frequency to detect damage in the panels..........................247
7.8.2 Using damping changes to detect damage inpanels................................247
7.8.3 Amplitude dependence of natural frequency and damping......................248
7.8.4 Using mode shape measurements to detect damage ................................248
Damage Identification in Engineering Structures... List of Contents
7.8.5 Non-linear frequency-dependent behaviour of the damaged panels ........248
7.8.6 Aspects that need clarification .................................................................249
CHAPTER 8
Calculating the Behaviour of Composite Floor-Slab Panels Subjected to
Incremental Static Load...........................................................................................250
8.1 Introduction...................................................................................................250
8.2 Predicting the Ultimate Strength of Composite Floor-Slab Panels ..............250
8.2.1 Initial Development..................................................................................250
8.2.2 Predicting the in-plane shear resistance of composite floor-slab panels........
..................................................................................................................252
8.2.2.1 Linear regression method .................................................................252
8.2.2.2 Multi-linear regression method.... .....................................................254
8.2.3 Dominant in-plane shear transfer mechanism..........................................255
8.2.4 Moment capacity predictions for composite floor-slab panels ................256
8.2.5 Displacement characteristics of composite floor-slab panels ..................258
8.2.6 Ultimate load capacity of continuous composite floor-slab panels..........259
8.2.7 Incorporating experimental results into numerical models ......................260
8.3 Calculating the Load Carrying Performance of Composite Floor-Slab Panels 
Subjected to Incremental Loading ................................................................263
8.3.1 Constitutive material relationships for concrete in tension......................265
8.3.1.1 Linear stress-strain relationship..... ..................................................265
8.3.1.2 Vebo and Ghali (1977)............................................................... .......266
8.3.1.3 5e/ar^a«J/feM^P9<;.....................................................................266
8.3.1.4 MarzoukandChen(1993)................................................................268
8.3.2 Constitutive material relationships for concrete in compression .............268
8.3.2.1 Ghoneim andMacGregor (1994)............................ ..........................268
8.3.2.2 Hsu andZhang (1996) [and Pang and Hsu (1996)].........................269
8.4 Parametric Study using the Stress-Strain Relationships ...............................270
8.4.1 The parametric study constants........................-.......................................270
8.4.2 The parametric study variable..............................-..."».....--...............271
8.4.3 Calculating the moment-curvature relationships......................................272
8.4.4 The parametric study results ....................................................—.............273
XVlll
Damage Identification in Engineering Structures . . . List of Contents
8.4.4.1 Pre-cracking stiffness............... .................................................... .....273
8.4.4.2 Bending moment at first cracking .....................................................276
8.4.4.3 Post-cracking degradation................................................................2T£
8.4.4.4 Calculated section stresses ...............................................................278
8.4.5 Choosing the most accurate predictive model for the present work ........280
8.4.5.1 Similarities between the model predictions....... .......................... ......280
8.4.5.2 Differences between the model predictions.......................................280
8.4.5.3 The chosen model for calibration with the measured results ...........280
8.5 Calibrating Model 1 ......................................................................................282
8.5.1 The bond stress mechanism...................,..................................................282
8.5.1.1 Trial functions used to calculate ibond...... ........... ........................... ...283
8.5.1.2 Introducing a "section-efficiency factor" ....................................... ..284
8.5.2 The influence of the calibration parameters on the moment-curvature
8.5.2.1 The bond stress mechanism. .................................................. ............285
8.5.2.2 Introducing a "section-efficiency factor" ....................................... ..285
8.5.3 The calibrated moment-curvature predictions..........................................288
8.5.3.1 Pane/ 57 ............................................................................................288
8.5.3.2 Pane/ 52 ............................................................................................288
8.6 Concluding Discussion .................................................................................290
8.6.1 Observations from the study presented in this chapter ............................290
8.6.2 Concluding remarks .................................................................................291
CHAPTER 9
Modelling the Characteristics of Measured Frequency Response Functions
obtained from Damaged Composite Panels............................................................292
9.1 Introduction.................................................................-.......-.....................292
9.2 The Non-Linear Vibration Behaviour of Structures - A Reflection on 
Published Work and its Applicability to the Current Research.................... 293
9.2.1 Introductory comments ............................................................................293
9.2.2 Non-linear stiffness and its affect on vibration behaviour .......................293
9.2.3 Published evidence to support the assumption that damping has a greater 
influence than stiffness on vibration non-linearity........................... ........ 295
xix
Damage Identification in Engineering Structures . . . List of Contents
9.2.4 Discussion of the possible damping mechanism exhibited by the composite
9.2.5 Recent published reports on the prediction of non-linear vibration......... 297
9.3 Background to the Trial Solution Process ....................................................299
9.3.1 Closed form solutions to the differential equation of motion ..................299
9.3.1.1 Establishing a modified differential equation ofmotion...................299
9.3.1.2 Discussion on the formulated closed form solution .......................... 3 05
9.3.2 Method based on 'perturbation' of the linear visco-elastic model - 
Formulation 2........................................................................................... 306
9.3.2.1 Using a first-order perturbation .......................................................306
9.3.2.2 Using a second-order perturbation............... .................................. ..308
9.3.2.3 Discussion on the perturbation approach....................................... ..310
9.3.3 Method assuming a combined 'visco-elastic and coulomb-friction' damper 
-Formulation 3........................................................................................313
9. 3. 3. 1 Using an 'equivalent viscous ' coulomb-friction damper ..................313
9.3.3.2 Discussion on the combined damper approach ................................316
9.4 Formulating a Mathematical Expression to Fit the Modified FRF 
Characteristic of the Damaged Composite Panels........................................ 317
9.4.1 The trial mathematical expressions..........................................................317
9.4.2 The function that successfully produce the required modified FRF ........ 3 1 8
9.4.3 The influence of parameter adjustment on the proposed formulation .....319
9.4.3.1 Influence of the constant 'b '..............................................................319
9.4.3.2 Influence of the constant 'a '..............................................................319
9.4.3.3 Influence of the constant 'n '..............................................................320
9.4.3.4 Characteristics of the adjusted FRF............. ......... ........................ ...320
9.4.4 Applying the adjusted FRF to measurements taken from the damaged 
composite panels...............................................---.-.....................-............320
9.4.4.1 Applying the function to the results recorded from a full panel test at a 
constant excitation-force-level..........................................................322
9.4.4.2 The influence of the 'a', 'b' and '«' constants at various excitation 
force-levels ............. .........••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••^^-
9.4.5 Possible influence of the adjusted FRF on the characteristics of the 
damping.................................— —————— •—••••••••••• ...•••••••••••••••••••••••••••— 322
XX
Damage Identification in Engineering Structures... List of Contents
9.5 Result of Applying the Proposed Expression to all Damaged Panels .......... 323
9.5.1 The procedure adopted to fit the adjusted FRF to the measured data......323




10.1 Foreword to the Conclusions ........................................................................333
10.2 TheConclusions............................................................................................335
10.3 The Recommendations for Future Work ......................................................338
REFERENCES................................................................................................341-357
APPENDIX A Theoretical Aspects of Modal Analysis and the Rationale of
Modal Testing................................................................ A.I - A.16
APPENDIX B The Eight-Storey Steel-Framed Building at the Large Building
Test Facility, Cardington, UK - 'As-Built' Structural Details........
.......................................................................................... B.I-B.8
APPENDIX C Laboratory Readings Obtained from the Composite Steel /
Concrete Panels.............................................................. C.I - C.37
APPENDIX D List of Published Papers and Other Activities Associated with the
Research.....................................................................................D.I
XXI
Damage Identification in Engineering Structures... List of Figures
LIST OF FIGURES
Figure 2.1 - Diagrammatic illustration of (a) a cantilever structure and (b) its FE 
model .....................................................................................................21
Figure 2.2 - The location of damage in a cantilever structure assuming an exact 
simulation of the defect has been found (8 mode pairs considered) .....21
Figure 2.3 - Damage location within the cantilever with (a) 5% stiffness reduction 
and (b) 15% stiffness reduction at element number 6 to representing 
damage (8 mode pairs considered). .......................................................22
Figure 2.4 - Damage location within the cantilever with (a) 5% stiffness reduction 
and (b) 15% stiffness reduction at element number 6 to representing 
damage (one mode pairs considered).. ..................................................23
Figure 2.5 - Damage detection assuming perfectly captured modal properties from 
the damaged cantilever (Based on 1 st mode results...............................23
Figure 2.6 - Damage detection assuming 5% stiffness reduction in the mode shape 
measurements, using data from (a) 1 st mode, (b) 2nd mode, (c) 3rd mode, 
and (d) 4th mode.....................................................................................24
Figure 3.1- Schematic diagram showing the equipment used to obtain vibration 
response measurements from the structures in the present work..........56
Figure 4.1- Idealised mode shapes of the eight-storey steel-frames building 
corresponding to the values shown in Table 4.1 ...................................69
Figure 4.2 - Mode shapes of the steel-framed building at construction phase 4....... 70
Figure 4.3 - Condensing the three-dimensional frame into a plane frame form .......86
Figure 4.4 - Condensing the plane-frame to the Grinter substitute frame................ 86
Figure 4.5 - Flow chart of the computer program GRIND .......................................91
Figure 4.6- Comparisons between measured and calculated results for the steel- 
framed building from full FE frame models: (a)+(d) EW 1, (b)+(e) NS 
+6................................................~^^
XXll
Damage Identification in Engineering Structures... List of Figures
Figure 4.7 - The comparison of natural frequency and whole frame stiffness change 
from measured results with values obtained from the Grinter substitute 
frame model: (a)+(c) EW 1, (b)+(d) EW 2............................................9S
Figure 4.8 - The comparison of natural frequency and whole frame stiffness change 
from measured results with values obtained from the Grinter substitute 
frame model: (a)+(c) NS 1, (b)+(d) NS 2..............................................94
Figure 5.1- Calculated natural frequency of the Grinter substitute frame 
corresponding to various joint restraint conditions ............................111
Figure 5.2- Comparison of the hyperbolic tangent function between (a) normal 
scale (b) logarithmic scale...................................................................Ill
Figure 5.3 - Base and beam to column connection restraint combinations appropriate 
to the calculated pm value for the construction phase being considered ... 
.............................................................................................................112
Figure 5.4 - (a) calculated frequency corresponding to a, (b) normalised rate of 
frequency change calculated for varying a, (construction phase 3 
shown). ................................................................................................115
Figure 5.5 - Modified pm for (a) construction phase 3, and (b) construction phase 4... 
.............................................................................................................116
Figure 5.6 - The comparison of natural frequency and whole frame stiffness change 
from measured and calculated properties using the calibration 
parameters of Table 5.2: (a)+(c) EW 1, (b)+(d) EW 2........................ 122
Figure 5.7 - The comparison of natural frequency and whole frame stiffness change 
from measured and calculated properties using the calibration 
parameters of Table 5.2: (a)+(c) NS 1, (b)+(d) NS 2.......................... 123
Figure 5.8 - Comparison of measured and calculated mode shapes for construction 
phase 4: (a) EW 1, (b) EW 2 and (c) NS1........................................... 124
Figure 6.1- General arrangement of the building at floor 5 showing the bay 
numbers, response measurement locations and the position of the 
observed concrete damage (i.e. the cracks in the concrete)................ 140
XXlll
Damage Identification in Engineering Structures... List of Figures
Figure 6.2 - Autospectra information from the damage-affected region of the slab: 
(a)+(b) location 1, (c)+(d) location 2, and (e)+(f) location 3..............141
Figure 6.3 - Normalised peak amplitudes at various locations of bay 2 (9mx6m) 
corresponding to the post-damage fundamental frequency................. 142
Figure 6.4 - Comparison of measured and calculated fundamental frequency for bay
1 showing (a) the calculated values, and (b) the percentage difference 
between the measured and calculated values......................................153
Figure 6.5 - Comparison of measured and calculated fundamental frequency for bay
2 showing (a) the calculated values, and (b) the percentage difference
between the measured and calculated values......................................154
Figure 6.6 - Illustration of grillage models 1 and 2 that represent the idealised
properties of the floor at (a) Bay 1, and (b) Bay 2..............................160
Figure 6.7 - Illustration of the grillage model 3 that represents the idealised
properties of the floor with bays 1 and 2 considered in a continuous
form..................................................................................................... 161
Figure 6.8 - Calculated natural frequencies for a slab with two perimeter "A" and
"B" showing the FVP for varying restraint properties (p).................. 166
Figure 6.9 - Example floor layouts showing perimeter locations "A" + "B"......... 166
Figure 6.10 - Graphical representation of the restraint variable (P) for a floor bay with
perimeter restraint at "A" and "B" ......................................................167
Figure 6.11 - Comparison of measured and calculated mode shape results using the
analytical solution gained from model 2. 'Section' referencing system
shown refers to the information displayed in Figure 6.12...................173
Figure 6.12 - Post-damage measured and calculated mode shape information for bay
2....................................................................................-.......-............174
Figure 7.1 - Detail of (a) a typical single CF70 steel deck unit, and (b) a cross- 
section through the laboratory test panels........................................... 187
Figure 7.2 - Arrangement adopted for static loading of the panels. (Mmax represents 
the level of the maximum applied bending moment).......................... 188
Figure 7.3 - Schematic illustration of (a) the strain measurement locations (on each 
side) with 'demec extensometer' gauge stud positions shown, and (b) 
the displacement dial gauge locations.................................................196
XXIV
Damage Identification in Engineering Structures... List of Figures
Figure 7.4 - Schematic diagram of (a) the impact-force vibrations test, (b) the 
frequency sweep tests, and (c) mode shape measurement positions. ..196
Figure 7.5 - Section strain measurements together with the calculated regression 
lines for panel type SI at depth levels (a) 1, and (b) 2 [see Figure 7.3(a)] 
.............................................................................................................201
Figure 7.5 - Section strain measurements together with the calculated regression 
lines for panel type SI at depth level (c) 3, and (d) 4 [see Figure 7.3(a)]. 
.............................................................................................................202
Figure 7.5 - Section strain measurements together with the calculated regression 
lines for panel type SI at depth level (e) 5, and (f) 6 [see Figure 7.3(a)].. 
.............................................................................................................203
Figure 7.6 - Section strain measurements together with the calculated regression 
lines for panel type S2 at depth level (a) 1, and (b) 2 [see Figure 7.3(a)]. 
.............................................................................................................204
Figure 7.6 - Section strain measurements together with the calculated regression 
lines for panel type S2 at depth level (c) 3, and (d) 4 [see Figure 7.3(a)]. 
.............................................................................................................205
Figure 7.6 - Section strain measurements together with the calculated regression 
lines for panel type S2 at depth level (e) 5, and (f) 6 [see Figure 7.3(a)].. 
.............................................................................................................206
Figure 7.7 - Collective illustration of the processed strain data (bi-linear regression 
lines) for (a) panel type SI [from Figures 7.5(a) to (f)], and (b) panel 
type S2 [from Figures 7.5(a) to (f)]. The 'Depth level' definitions relate 
to the positions across the depth of the panel sections as indicated by 
Figure 7.3.............................................................................................207
Figure 7.8 - Illustration of section strain calculated from the relationships presented 
in Figures 7.5(a) to (f) (i.e. Panel type SI). The above diagrams show 
regression lines used to identify the neutral axis locations of the panel 
for the load intervals (a) 0.5kN to 3.0kN, (b) 3.5kN to 6kN, (c) 6.5 to 
9kN, and (d) 9.5kN to 12kN, (all in steps of O.SkN total applied load).... 
.............................................................................................................208
Figure 7.9 - Illustration of section strain calculated from the relationships presented 
in Figures 7.6(a) to (f) (i.e. Panel type S2). The above diagrams show 
regression lines used to identify the neutral axis locations of the panel
XXV
Damage Identification in Engineering Structures . . . List of Figures
for the load intervals (a) O.SkN to 3.0kN, (b) 3.5kN to 6kN, (c) 6.5 to 
9kN, and (d) 9.5kN to 12kN, (all in steps of O.SkN total applied load) .... 
.............................................................................................................209
Figure 7.10 - Neutral axis depth (relative to the top surface of the panels) determined 
from the regression analysis shown in Figures 7.8 and 7.9 for panel type 
SI andS2respectively.........................................................................210
Figure 7.11 - Measured displacement corresponding to panel type SI at the positions 
defined in Figure 7.3 as (a) location 'Dl', (b) location 'D2', and (c) 
location 'D3'. The best- fit linear regression lines are also shown, which 
are displayed in (d). .............................................................................211
Figure 7.12 - Measured displacement corresponding to panel type S2 at the positions 
defined in Figure 7.3 as (a) location 'Dl', (b) location 'D2', and (c) 
location 'D3'. The best-fit linear regression lines are also shown, which 
are displayed in (d). .............................................................................212
Figure 7.13 - Schematic illustration of a panel during four-point loading showing the 
assumed static displacement geometry of the member for the 
calculation of the radius of curvature (R) over the region of the span 
subjected to constant bending moment................................................215
Figure 7. 14- Moment-curvature relationships from (a) the calculated strain 
relationships, and (b) calculated displacement variation, (c) compares 
(a) and (b) above. (K and K1 are used above to indicate the two 
stiffness regimes determined from the measured data for SI and S2). .....
.............................................................................................................216
Figure 7.15- The calculated stiffness (El) corresponding to the applied bending 
moment of each static load interval. Calculations based on the M-C 
relationship of Figure 7.14(a). .............................................................218
Figure 7.16 - Sample response signals showing the recorded time dependent data 
together with the associated frequency content obtained after an applied 
bending moment of (a)+(b) zero, (c)+(d) 2.03 kNm, and (e)+(f) 3.19
Figure 7.17 - Natural frequency obtained from the impact and the decay-of- vibration 
signals for (a)+(c) panel type SI, and (b)+(d) panel type S2. The bi­ 
linear regression lines show the approximate trend of the presented 
data, the intersection of the lines being identified...............................226
XXVI
Damage Identification in Engineering Structures... List of Figures
Figure 7.18- Damping obtained from the impact and decay-of-vibration signals for 
(a)+(c) panel type SI, and (b)+(d) panel type S2. The bi-linear 
regression lines show the approximate trend of the presented data, the 
intersection of the lines being identified.............................................227
Figure 7.19- Sample 'frequency sweep' data showing the change observed to the 
measured FRF at each static load interval (type SI shown). Data 
corresponding to applied bending moment levels of between 0.29kNm 
and 1.74kNm have been removed for clarity......................................228
Figure 720 - Natural frequency obtained from the frequency sweep tests for panel 
type SI showing the results in a normalised form with data recorded 
using excitation force-level (a) 1, (b) 2, (c) 3, while (d) gives a 
comparison of the various force-levels................................................229
Figure 7.21 - Natural frequency obtained from the frequency sweep tests for panel 
type S2 showing the results in a normalised form with data recorded 
using excitation force-level (a) 1, (b) 2, (c) 3, while (d) gives a 
comparison of the various force-levels................................................230
Figure 7.22- Damping obtained from the frequency sweep tests for panel type SI 
showing the results in a normalised form with data recorded using 
excitation force-level (a) 1, (b) 2, (c) 3, while (d) gives a comparison of 
the various force-levels........................................................................231
Figure 7.23 - Damping obtained from the frequency sweep tests for panel type S2 
showing the results in a normalised form with data recorded using 
excitation force-level (a) 1, (b) 2, (c) 3, while (d) gives a comparison of 
the various force-levels........................................................................232
Figure 7.24 - Amplitude dependence of normalised frequency shown for panel type
51. The bending moment values shown represent the level applied to 
the panel before the response signals were taken. The solid lines 
indicate the principal trends.................................................................233
Figure 7.25 - Amplitude dependence of normalised frequency shown for panel type
52. The bending moment values shown represent the level applied to 
the panel before the response signals were taken. The solid lines 
indicate the principal trends.........................-—•••••••••••••••••••••••.••.........234
Figure 7.26 - Amplitude dependence of normalised damping shown for panel type 
SI. The bending moment values shown represent the level applied to
xxvn
Damage Identification in Engineering Structures... List of Figures
the panel before the response signals were taken. The solid lines 
indicate the principal trends.................................................................235
Figure 7.27 - Amplitude dependence of normalised damping shown for panel type 
S2. The bending moment values shown represent the level applied to 
the panel before the response signals were taken. The solid lines 
indicate the principal trends.................................................................236
Figure 7.28 - Surface plot diagram showing the natural frequency variation observed 
from the measured response signals for panel type (a) SI, and (b) S2..... 
.............................................................................................................237
Figure 7.29 - Surface plot diagram showing the damping variation observed from the 
measured response signals for panel type (a) SI, and (b) S2..............238
Figure 7.30 - Illustration of the frequency dependence of the FRFs observed from the 
frequency sweep data that was recorded after (a) 0 kNm, (b) 2.03 kNm, 
and (c) 3.19 kNm of applied bending moment. (Panel type SI shown).239
Figure 7.31 - Sample mode shape profiles (panel type SI shown) corresponding to 
measurements taken after (a) 0.29 kNm to 0.87 kNm, (b) 1.16 kNm to 
1.74 kNm, (c) 2.03 kNm to 2.61 kNm, and (d) 2.9 kNm to 3.48 kNm 
applied bending moment.....................................................................240
Figure 7.32 - Modal Assurance Criteria (MAC) values calculated using the mode 
shape data established from the measured data recorded after each 
loading interval for panel types (a) SI, and (b) S2..............................241
Figure 7.33 - Comparison between the natural frequency obtained from 
measurements and the calculated stiffness from the M-C relationships 
using a normalised scale for panel type (a) SI, and (b) S2.................245
Figure 7.34 - Comparison between the damping obtained from measurements and the 
calculated stiffness from the M-C relationships using a normalised scale
Figure 8.1 - Example stress-strain relationships for concrete in tension showing (a) 
proposals by Vego and Ghali (1977), and (b) relationships by (i) 
Berarbi and Hsu (1994) and (ii) Marzouk and Chen (1993) ...............267
XXVIll
Damage Identification in Engineering Structures... List of Figures
Figure 8.2 - Example stress-strain relationships for concrete in compression
showing proposals by (i) Hsu and Zhang (1996), and (ii) Ghoneim and
MacGregor (1994) with (iii) showing a linear stess-strain relationship....
.............................................................................................................270
Figure 8.3 - Computer program flow chart used to calculate the moment-curvature
relationships from the nine analytical models.....................................274
Figure 8.4 - Calculated moment-curvature relationships from (a) models 1 to 3, (b)
models 4 to 6, and (c) models 7 to 9, (all with s cr = SOxlO"6) ............275
Figure 8.5 - Calculated bending moment at first cracking determined using (a)
models 1 to 3, (b) models 4 to 6, and (c) models 7 to 9......................277
Figure 8.6 - Rate-of-change of post-cracking stiffness calculated from analytical
models (a) 1 to 3, (b) 4 to 6, and (c) 7 to 9. (Measured values shown for
comparison). ........................................................................................279
Figure 8.7 - Distribution of concrete stress calculated for the concrete panels using
(a) model 3, (b) model 7, and (c) model 9, (all assuming s cr = SOxlO"6) .
.............................................................................................................281
Figure 8.8 - Comparison of measured and calculated moment-curvature
relationships, showing parametric study examples and calibrated results
for (a)+(c) panel SI, and (b)+(d) panel S2 ..........................................286
Figure 8.9 - Calculated pre-crack stiffness (EIpre.crack) determined for various
"section-efficiency factors" (measured values also indicated)............287
Figure 8.10- Comparison of the neutral axis depth variation obtained from the
calibrated numerical model and from measured experimental data....289
Figure 9.1 - Illustration of the adjusted FRF obtained from the modified differential 
equation of motion given by eqn.(9.11) above. The profiles indicated in 
this figure were calculated using n = 2 in eqn.(9.12). .........................306
Figure 9.2 - Illustration of the adjusted FRF obtained from the modified differential 
equation of motion given by eqn.(9.21) above. The profiles indicated in 
this figure were calculated using (a) eqn.(9.22b) and (b) eqn.(9.26). .312
Figure 9.3 - Vector relationship for steady-state forced vibration with a combined 
visco-elastic plus an equivalent viscous coulomb-friction damper. ....314
XXIX
Damage Identification in Engineering Structures... List of Figures
Figure 9.4 - Illustration of the adjusted FRF obtained from the combined visco- 
elastic and equivalent viscous coulomb-friction damper given by 
eqn.(9.30) above..................................................................................316
Figure 9.5 - Illustration of the adjusted FRF of eqn.(9.38) showing the influence of 
the constants (a) 'b\ (b), V, and (c) V. Arrows indicate the segment 
of the response profile adjusted by the changes made to the constants as 
noted....................................................................................................327
Figure 9.6 - Sample 'frequency sweep' data showing the changes observed to the 
measured FRF (natural frequency and damping as Figure 7.17 - chapter 
7). (a) Measured results against the adjusted FRF of eqn.(9.38), (b) 
illustrates the profile of the FRFs with measured data removed.........328
Figure 9.7 - Illustration of the frequency dependence of the FRFs observed from the 
frequency sweep data recorded after (a) 0 kNm, (b) 2.03 kNm, and (c) 
3.19 kNm of applied bending moment. (Panel type SI shown). 
Adjusted FRF of eqn.(9.38) also included...........................................329
Figure 9.8 - Compiled results obtained from a fit of the adjusted FRF expression 
[eqn.(9.38)] to the measured data of the post-damaged panel sections. 
The figure presents the actual values of 'a' required, which have been 
normalised to show the change corresponding to progressive damage. 
(a)+(b) Panel type SI, (c)+(d) Panel type S2......................................330
Figure 9.9 - Compiled results obtained from a fit of the adjusted FRF expression 
[eqn.(9.38)] to the measured data of the post-damaged panels. The 
figure presents the actual values of V required, which have been 
normalised to show the change corresponding to progressive damage. 
(a)+(b) Panel type SI, (c)+(d) Panel type S2......................................331
Figure 9.10 - Illustration of the modified damping properties, <^mod, using eqn.(9.41), 
with increasing values of V in eqn.(9.39)..........................................332
XXX
Damage Identification in Engineering Structures. List of Tables
LIST OF TABLES
Table 4.1- Measured natural frequencies for the steel framed building ................. 68
Table 4.2- Natural frequencies and damping characteristics of the building at
construction phase 4 obtained from forced vibration tests.................... 68
Table 4.3 - Amplitude dependence of natural frequency and damping of the
building at construction phase 4 from decay of vibration signals (EW1
only).......................................................................................................70
Table 4.4 - Calculated weight of the building at each construction phase using the
frame construction details as given by Bravery (1995)................ ......... 71
Table 4.5 - Whole building stiffness change at each construction phase from
measured natural frequencies and calculated mass properties ..............73
Table 4.6 - Details of the finite elements (global co-ordinate system) ....................77
Table 4.7 - Natural frequency values obtained from the full FE analysis ............... 84
Table 4. 8- Calculated natural frequencies and mode shapes from the GRIND
computer program .................................................................................88
Table 4.9 - The natural frequency and whole frame stiffness change: comparison
between measured and the full FE analysis results ...............................89
Table 4. 10- The natural frequency and whole frame stiffness change: comparison
between measured results and calculation from GRIND ......................90
Table 5.1 - Calculated variables used to define the pma variation......................... 116
Table 5.2 - Calibration parameters to provide calculated natural frequencies with
the Grinter substitute frame, which correspond with the measured
frequencies...........................................................—............................. 118
Table 5.3 - Calculated natural frequencies and mode shapes incorporating the
calibration variables............................................................................. 120
Table 5. 4- The natural frequency and whole frame stiffness change: comparison
between measured and calibrated results ............................................121
Table 5.5 - Calculated natural frequency assuming that damage has the effect of
causing the removal of individual floor beam stiffness....................... 128
Table 5. 6- Measured natural frequencies from the damaged eight-storey steel-
framed building ...............................................••••-•••••••••••••••...-•-.....••...130
XXXI
Damage Identification in Engineering Structures... List of Tables
Table 6.1- Pre and Post-damage natural frequencies of the floor from impact
response measurements together with relative peak-amplitude readings
from FFT
.............................................................................................................137
Table 6.2 - Calculated fundamental frequencies of the building floor using
expressions proposed in literature as referenced - Bay 1 : (9mx9m bay)
.............................................................................................................153
Table 6.3 - Calculated fundamental frequencies of the building floor using
expressions proposed in literature as referenced- Bay 2: (9mx6m bay)154 
Table 6.4 - Section properties corresponding to the grillage members indicated by
Figures 6.5 and 6.6 .............................................................................. 159
Table 6.5 - Calibrated results for the pre-damaged floor ........................................... 172
Table 6.6 - Calibrated results for the post-damaged floor (Model 2 only)................. 172
Table 6.7 - Calibrated results for the post-damaged floor (Models 1 and 3 only) ..... 173
Table 6.8 - Relative perimeter restraint changes obtained from the calibration
methodology from measured pre and post-damage natural frequencies. ..
.............................................................................................................178
Table 7.1- Exact section properties of the laboratory panels calculated assuming 
the section geometry of Figure 7.1. (Note that both SI and S2 have 
identical exact section properties). ......................................................185
Table 7.2 - Calculated coefficients determined from the regression analysis of 
measured strain data for panel type SI and S2....................................213
Table 7.3 - Calculated coefficients determined from the regression analysis of 
measured displacement data for panel type SI and S2........................213
Table 8.1 - Relative load capacity at failure for composite members with different 
embossment arrangement, Jolly and Zubair (1987). ...........................256
Table 8.2 - Member groupings used for experimental investigation by Daniels and
Table 8.3 - Experimental results by Daniels and Crisinel (1993b)........................262
XXXll
Damage Identification in Engineering Structures... List of Tables
Table 8.4 - Material stress-strain relationships used for the parametric study 
(Defined using author names) .............................................................271
Table 8.5 - Pre-cracking stiffness and associated relative values for (A) and (B) 
described above ...................................................................................276
Table 8.6 - Calculated bending moment at first cracking from models 1 to 9 ......211
Table 8.7 - Example trial functions used to predict the variation of bond stress at 
the steel / concrete interface of the composite panels .........................283
Table 8.8 - Calculated pre-crack stiffness for the panels subject to various "section- 
efficiency factors" - Model 1 used for calculations............................287
Table 9.1 - Sample trial functions for y found not to produce the required FRF 
modifications....................................................................................... 321
XXXlll
Damage Identification in Engineering Structures... List of Symbols
LIST OF SYMBOLS
[C] A matrix containing damping terms.
[K] A matrix containing structural stiffness terms (before damage). 
[5AT| A matrix containing the change in structural stiffness terms after 
damage.
[K] Structural stiffness matrix compiled in the GRIND computer program
(chapter 4). 
[M] A matrix containing structural mass terms.
[M] Structural mass matrix compiled in the GRIND computer program 
(chapter 4).
[ S ] A matrix comprising components of the structural stiffness and mass 
matrix for solution of the eigen-problem using Cholesky's method 
(chapter 4).
[Q] A matrix containing measured natural frequencies of an undamaged 
structure.
[8Q]2 A matrix containing the value of the change of measured natural 
frequencies obtained from a structure after damage.
[ky] Stiffness matrix representing the structural properties of an element 
between nodes labelled i and j (where z and j are integer values) 
(chapter 4).
{A} Eigen-vector calculated using Cholesky's method (Chapter 4).
{8} Vector of displacement and rotation terms (chapter 4 and 5).
{(j)} (i) eigen-vector, or (ii) a vector containing mode shape information.
Q Definition of measured natural frequency corresponding to 'error- 
based' damage identification methods (chapter 2).
9 Whole-frame torsion mode (chapter 4).
T Calculated whole-frame modal mass (chapters 4 and 5).
nnora Normalised post-cracking bending moment (chapter 8).
4V Ratios relating to the change in whole-frame modal stiffness between 
two modes of vibration (chapters 4 and 5).
XXXIV
Damage Identification in Engineering Structures... List of Symbols
3 Ratio of nnorm to x,«0™-
5R Calculated whole-frame modal stiffness (chapters 4 and 5).
a (i) Error term (chaper 2), (ii) contact ratio between the framing
elements of a steel-framed building and a block-work infill wall
(chapters 4 and 5). 
am Value of a corresponding to the measured natural frequency fm (chapter
5). 
p A quantify used to calculate the Frequency Variation Profile (FVP)
used in conjunction with the calibration process (chapters 5 and 6). 
P</ Calculated value of p corresponding to the measured natural frequency
of the damaged floor slab (chapter 6). 
Pm Calculated value of p corresponding to the measured natural frequency
fm (chapter 5).
P,n, a Modified pw value to take account of the added parameter a (chapter 5). 
X, Curvature.
Unarm Normalised post-cracking curvature values. 
8 Displacement (Chapter 4).
e (i) General term for strain (chapter 8), (ii) perturbation term (chapter 9). 
EC Compressive strain in concrete. 
£cr Tensile strain in concrete corresponding iofcr. 
EC, Tensile strain in concrete corresponding tofct . 
£„ Compressive strain in concrete corresponding to//. 
(j> Mode shape. 
y A function used to adjust the characteristics of a linear visco-elastic
Frequency Response Function (chapter 9).
<p (i) Rotation (chapter 4), (ii) phase angle (chapter 9). 
tn2 Eigen-values calculated using Cholesky's method (chapter 4). 
co Definition of calculated natural frequency corresponding to 'error- 
based' damage identification methods (chapter 2). 
co/ Forcing frequency.
co,, Natural frequency of the «th mode (» = 1 unless otherwise noted). 
X Variation of a (chapter 5).
XXXV
Damage Identification in Engineering Structures... List of Symbols
H (i) Modular ratio between steel and block-work (chapter 5), (ii)
component in Buffing's equation (chapter 9). 
|o.v Variance error.
p Degree of joint fixity (chapters 5 and 6). 
Prf Degree of fixity corresponding to the damaged floor slab (chapter 6).
Bond stress at the interface of steel and concrete (chapter 8).
The initial value of ibond at the point at which concrete cracking
commences.
u Poisson's ratio. 
£ (i) An adjustment parameter used in conjunction with the calibration of
measured and calculated frequencies (chapter 5), (ii) an adjustment
parameter used in the calculation of tensile stress (chapter 8). 
L, Viscous damping coefficient. 
C,mod Modified damping coefficient. 
Bn Bias error. 
C Torsion constant (chapter 6).
DXiyfZ Displacement terms in the finite element formulation (chapter 5). 
E Young's modulus. 
Ec Young's modulus for concrete. 
Er Maximum error term (chapter 2). 
Es Young's modulus for steel. 
Fbond Calculated bond force between the interface of steel and concrete
(chapter 8).
F0 Uni-axial dynamic force magnitude calculated relative to time. 
Fw Calculated dynamic force produced by the eccentric mass excitation
device when excited at a forcing frequency of o>/.
H (i) Building height (chapter 4), (ii) Height of block-work (chapter 5). 
/ Bending inertia. 
L Length of block-work infill wall. 
L shear Shear span (chapter 8). 
^? Radius of curvature. 
R2 Correlation value.
Rotation terms in the finite element formulation (chapter 5).
XXXVI






















Spring stiffness for use with the substitute frame method (chapter 5).
Concrete / steel panel references.
Displacement amplitude.
Peak steady-state amplitude at the natural frequency.
Constants (chapter 9).
Calculated fundamental frequency (chapter 4).
Calculated natural frequency corresponding to the value of P (chapters
5 and 6).
Concrete compressive stress (N/mm2).
Peak concrete strength ((N/mm2).
Concrete tensile strength (N/mm2).
Concrete tensile stress (N/mm2)
Measured natural frequency obtained from the damaged floor slab
(chapter 6).
Natural frequency calculated using the GRIND program (chapters 5 and
6).
(i) Measured whole-frame natural frequency (chapter 4 and 5), (ii)
measured natural frequency obtained from the undamaged floor slab
(chapter 6).
Calculated fundamental natural frequency of a floor slab (chapter 6).
Dynamic force with respect to time t.
Calculated fundamental natural frequency of a floor slab with
orthotropic structural characteristics (chapter 6).
Calculated natural frequencies corresponding to extreme fixity
conditions (chapters 5 and 6).
Concrete cube strength determined from samples cured in air.
Concrete cube strength determined from samples cured in water at 20°C
for 28 days.
A trial function used to adjust the linear differential equation of the
motion to match measured characteristics.
As subscripts only: Integer values.
xxxvn
Damage Identification in Engineering Structures... List of Symbols
kn Modal stiffness of mode n (where n is an integer values, which can be
taken as 1 unless otherwise noted) (chapter 4). 
mn Modal mass of mode « (where « is an integer values, which can be
taken as 1 unless otherwise noted) (chapter 4). 
m Modal mass (when not used as a subscript integer). 
mw Mass on dynamic excitation device. 
r Distance from centre of rotation to centre of mass (mw) - used in
conjunction with the eccentric mass excitation device. 
x(t) Displacement with respect to time t.
x(f) Velocity with respect to time t.
x(t) Acceleration with respect to time t.
xp Perturbed displacement solution.
xu Unperturbed displacement solution.
I x I Absolute value of*, where x is a real value.
XXXVlll
Damage Identification in Engineering Structures... List of Acronyms and Abbreviations
LIST OF ACRONYMS AND ABBREVIATIONS
BRE Building Research Establishment Ltd
BSWTC British Steel Welsh Technology Centre
COMAC Co-ordinate Modal Assurance Criteria
DOF Degree-Of-Freedom (also as 'dof)
EW East West
FE Finite Element
FFT Fast Fourier Transform
FRF Frequency Response Function
FVP Frequency Variation Profile
GRIND GRTNter frame Dynamic analysis
GSA General Structural Analysis
HPB Half Power Bandwidth
ICL Imperial College London
MAC Modal Assurance Criteria
M-C Moment - Curvature
NS North South
PMF Precision Metal Forming Ltd
RC Reinforced Concrete





Damage Identification in Engineering Structures... Introduction Chapter 1
CHAPTER 1
Damage Identification in Engineering Structures from Changes in Measured 
Dynamic Response - Introduction
1.1 Foreword
In the years since this research project commenced the candidate has witnessed, albeit 
through the eyes of the media, a number of devastating and catastrophic structural 
failures that have been caused as a result of strong motion earthquakes. Some of the 
most recent and destructive of these, which will surely remain in the minds of the 
global community for many years to come, are:
• 15 th June 1999, Tehuacan in Mexico: claiming the lives of fourteen people and 
injuring 200.
17th August 1999, Izmit in Turkey: leading to the deaths of 15,000 persons and 
leaving over 300,000 homeless.
• 7th September 1999, Athens in Greece: resulting in 143 lives lost and causing 
injury to 86.
21 st September 1999, Chi-Chi in Taiwan: claiming the lives of more than 2000 
people, injuring many thousands and leaving over 100,000 homeless.
The loss of human life caused by these devastating events are often the result of 
structural failure induced by the earthquake, which in many cases has been related to 
poor workmanship and unseen defects [Earthquake Engineering Research Institute 
(2000)]. These factors are a reminder of how engineers and scientists have a 
responsibility of ensuring that the most appropriate and up-to-date knowledge of 
structural behaviour is disseminated and applied to the developments of new buildings 
and bridges in earthquake affected areas.
Not withstanding the importance of new development in these situations, there is also 
a need to ensure that on-going defects, which could be caused by earthquakes, are 
recognised. Indeed, a larger emphasis is always placed on preservation of 
infrastructure after such events, which is often assessed on a visual basis to compile 
comprehensive reports that are used to identify re-development cost.
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1.2 The Present Research
The above discussion has identified one situation where defects in buildings and 
problems relating to substandard construction practices could have an influence on the 
integrity of a structure and its overall performance. However, methods of identifying 
defects and structural weaknesses that occur, either as part of natural deterioration or 
as a result of short-term specific events such as earthquakes, usually rely on visual 
inspection, which can be time-consuming and in some cases inaccurate. The latter 
point being particularly true for instances when defects occur within the fabric of 
structural members.
This research project was initiated due to the necessity of offering engineers a more 
reliable and time efficient means of identifying if such defects exist in a structure. The 
aim of the work is to establish whether measurements of vibration can be used to yield 
information concerning the condition of a structure, as a whole and on an individual 
member basis. The identification method is intended to be completely non­ 
destructive. To identify the damage, the main assumption is that the affected parts will 
have an influence on stiffness characteristics, which in turn will change the dynamic 
behaviour of the structure in question. This is possible due to the relationships that 
exist between the stiffness, mass and natural frequency, and the method of damage 
identification performed in this way seeks to correlate physical alterations to changes 
that may be observed in measured dynamic response information.
An example of studies that have adopted this approach was reported by Adams et al 
(1975), these authors being among the first to consider its use. As such the method 
itself is not new, and since the aforementioned study, other authors have considered 
the approach applying its principles mainly within mechanical engineering disciplines. 
However, although there is now a considerable volume of supportive published 
research material available on this subject, its applicability to the field of civil and 
structural engineering remains relatively unexplored.
To investigate its application to the latter, this study will focus on the dynamic 
characteristics of an eight-story steel-framed building considering its whole-frame and
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sub-element behaviour before and after deliberate structural damage. The above 
building was constructed within the Large Building Test Facility (LBTF), Cardington, 
UK, which is a laboratory environment used especially for the testing of buildings, and 
is managed by the Building Research Establishment Ltd (BRE). The facility houses a 
number of multi-storey structures that have been made from a variety of construction 
materials, each building being used for a wide range of research projects.
Principally, the current research will consider the following:
(i) Use measurements of structural vibration to determine the natural frequency,
damping and mode shape characteristics of the building and certain parts of its
elements. This will be conducted in three stages, treating the building at
different levels of structural complexity, 
(ii) Using (i) above, establish if structural defects can be identified from changes in
the aforementioned characteristics, after situations of damage, and provide
evidence to support (or otherwise) its effectiveness, 
(iii) Identify the dynamic characteristics that are sensitive to the changes that occur to
structural components as a result of damage.
With this information, conclusions will be drawn regarding the applicability of the 
method with the aim of promoting its use as a non-destructive approach to damage 
assessment and the on-going performance monitoring of building structures.
1.3 Synopses of the Studies Ahead
Chapter 2 introduces the philosophy of using dynamic characteristics to identify 
damage and gives a review of work that has been published over the past three decades 
on research carried out in this area. Although prepared to identify the main 
contributors to the subject area, the chapter also reflects on the methodologies that 
have emerged and identifies the assumptions and approach that are carried forward 
throughout the subsequent chapters of this thesis. The chapter draws attention to a 
number of numerical methods that have been proposed to identify damage, but also
Damage Identification in Engineering Structures... Introduction Chapter I
comments on the practicality of these methods, which aim to correlate 'perfect' 
mathematical solutions with the 'in-perfect' behaviour of real structures.
Chapter 3 outlines the methods that have been adopted by other authors to determine 
the dynamic characteristics of structures from measurements of vibration response. 
Highlighting the most frequently adopted vibration measurement techniques, which 
includes a discussion of the methods used to induce vibration motion, this chapter 
describes the procedures that were used to determine the required information for the 
studies presented in subsequent chapters. To complete the chapter, a list of equipment 
used together with a specification is included, which outlines a standardised test set-up 
adopted for all vibration measurement work in this study.
An important aspect of damage identification, which is based on an interpretation of 
vibration response, is the need to be able to relate observed dynamic characteristics to 
the actual physical properties of the structure. Chapter 4 commences the main work 
by presenting the results of studies carried out on two numerical models, which were 
prepared to simulate the whole-frame dynamic behaviour of the 'as-built' eight-storey 
building. By comparing calculated and measured natural frequencies, the chapter 
shows that differences can arise, which are not necessarily easy to justify. This 
identified the first problem, i.e. the problem of diagnosing reasons for the 
discrepancies regularly found to exist between measured and calculated dynamic 
characteristics of large structures - even when damage is known not to be present.
To overcome the problems identified in chapter 4, a calibration methodology is 
presented in chapter 5, which allows the cause of such discrepancies to be identified. 
Using a computer model and a calibration procedure compiled by the candidate, the 
chapter shows how certain aspects of the structural behaviour of the building can be 
examined to identify their more probable characteristics. A calibrated model of the 
structure is then presented that reflects the properties of the building using natural 
frequencies and mode shapes obtained from measurements. The chapter finally 
concludes with a discussion on the practicality of using the proposed method to 
identify damage from whole-frame dynamic characteristics.
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In chapter 6 the study is continued by applying the formulated calibration 
methodology for identification of damage in one of the steel and concrete composite 
floor within the eight-storey building. Using response measurements taken from the 
floor, the chapter describes the calibration procedures used to obtain accurate 
calculated natural frequencies and mode shapes relating to the pre and post-damage 
condition of a given floor. Then, by comparing the results obtained from the 
calibrated models, conclusions are drawn regarding the extent of the damage, which is 
identified using a scalar quantity produced from the calibration procedure.
Chapter 7 examines in detail the influence of damage on the dynamic characteristics of 
local representative panels of the floor slab studied in chapter 6. The study, which 
focuses on the results of static and dynamic tests obtained from a comprehensive 
laboratory programme carried out at the University of Glamorgan, shows that the 
dynamic characteristics, natural frequency and damping, can be used to identify the 
on-set of damage in structural elements. Considerable emphasis has also been placed 
on the amplitude dependency of the aforementioned characteristics and how the latter 
relates to the amount of imposed damage. To obtain this information, a combination 
of impact and steady-state load situations were used, from which transient response, 
decay-of-vibration and frequency response functions were determined. Static loads 
were applied to the panels to induce controlled damage. The extent of degradation 
was ultimately assessed using information drawn from moment-curvature relationships 
that were prepared using measured strain and displacement data. With this 
information, a comparison between the static load and dynamic load data was 
compiled, from which conclusions were drawn regarding the effectiveness of the 
damage identification proposals.
Chapter 8 presents a study that was undertaken to confirm the mechanisms responsible 
for the induced 'damage' observed from strain and displacement data. This work was 
undertaken to strengthen the assumption proposed in chapter 7 that the panel damage 
was the result of concrete cracking. Using a number of numerical studies, the chapter 
shows how a range of constitutive material models were used to provide an accurate 
representation of the panel through applied load conditions. To achieve the latter, a 
computer program was prepared by the candidate, which allowed additional behaviour
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characteristics to be studied relating to the steel-concrete interaction. The result was a 
model that was found to predict the static load behaviour of the panels, from which the 
existence of the induced damage was confirmed.
Chapter 9 proposes a mathematical model that matches the non-linear frequency 
response characteristics of the damaged panels found from measurements. The study 
offers a method that could be used as an additional means of identifying the on-set of 
damage, which is found to indicate the progressive nature of the defects induced 
applying the static load.
Chapter 10 contains the conclusions drawn from the study, and offers 
recommendations for future work.
Finally, appendices have been included that contain:
Appendix A: The rationale of modal testing and the methods adopted to determine
the natural frequency and damping of all the structural parts considered
in this thesis. 
Appendix B: Data relating to the construction of the eight-storey steel-framed
building, which identifies the structural members and geometry of the
building in its 'as-built' condition. 
Appendix C: Data from the laboratory tests conducted as the University of
Glamorgan, which supports the information given in chapter 7. 
Appendix D: Contains a list of the published papers and other activities prepared by
the candidate and the research team.
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CHAPTER 2
Damage Identification in Engineering Structures from Changes in Measured 
Dynamic Response - A Review of Literature
2.1 Introduction
"Damage (a) detection, (b) identification and, (c) location, (i) Non-destructive 
evaluation, and, (ii) system identification ".
The above are some of the key words used to describe a non-invasive technique for the 
identification of changes that may exist in a structural system, due to damage or 
degradation, from studies carried out on measured dynamic characteristics. In general 
terms, the method is based on the assumption that if these characteristics show patterns 
of change over time, physical alterations - possibly linked to damage - could be the 
cause.
The approach is logical and is based on the knowledge that the dynamic characteristics 
of a structure - natural frequency(ies) and mode shape(s) - depend on properties of 
stiffness, mass and system geometry. Should any of these properties alter, the 
dynamic characteristics would also indicate some change. And, as the aforementioned 
characteristics can be determined from measurements of the vibration response of a 
structure [see Ewins (1984), McConnell (1996)], it should be possible to identify 
damage, which may have altered the properties of the structure, providing an 
inexpensive and convenient damage identification tool.
This chapter provides a review by discussing a number of reports that have been 
published to investigate and promote the application of this damage detection 
approach. From the reviewed literature, two categories of research have emerged, 
which can be classified under the following headings:
(i) Methods based on combined studies of measured vibration response signals and 
analytical models of structures: Within this category, the usual approach is to 
form a numerical model of the structure - usually with the Finite Element (FE)
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method - the dynamic analysis solution of which is compared to characteristics 
determined from vibration measurements. To identify (and sometimes locate) 
damage, a representative set of defect scenarios are considered analytically until 
a match with the characteristics from measurements is obtained. The scenario 
that gives analytical results to match the measurements is then chosen as being 
the most probable cause of damage. Alternatively, instead of considering a 
representative set of possible damage sites manually, methods has been proposed 
that aim to automatically 're-generate' analytical models using measured 
vibration information. The latter aiming to produce a 'best-fit' numerical 
representation of the damaged structure, from which the defects can be identified 
qualitatively.
(ii) Methods based on continual appraisal of vibration response measurements: 
Unlike the previous category, the methods that fall into this grouping generally 
aim to identify damage from comparisons made between measurement taken 
either (a) from a large number of similar structures, or (b) measurements of a 
single structure over frequent intervals of time. Both these approaches aim to 
identify damage from differences between successive measurements, thereby 
defining damage quantitatively.
2.2 Damage Identification using Numerical Models of Structural Behaviour
Damage identification using numerical models of structural behaviour have developed 
over a period of approximately three decades. A common theme throughout these 
methods is the reliance on FE analysis where it is assumed that a structure can be 
represented in numerical form using, -for example, theories based on the 'stiffness 
matrix' approach [Ghali and Neville (1989)]. The differences between variants of the 
methods stem from the methodology used to determine a numerical representation of 
the structural damage.
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2.2.1 Methods based on 'error minimisation' or 'maximisation' principles 
2.2.1.1 Method by Cawley and Adams
Adams et al (1975) and Cawley and Adams (1979) considered the damage 
identification problem as one involving small change to the natural frequencies of a 
structure. Adopting the stiffness matrix approach (neglecting damping), these authors 
modified the eigen-value problem [Meirovitch (1986)], to give,
(2.1)
where [K] and [M] are the stiffness and mass matrices of the structure in question 
respectively, and the inclusion of 6 denotes small change (perturbations) to the 
matrices in the presence of damage. [Q] 2 and {<]>} are the eigen-values in matrix form 
and the eigen-vector respectively. Manipulating eqn.(2.1), and assuming the mass 
properties of a structure are not altered, Cawley and Adams (1979) proposed that the 
amount by which the natural frequency of a structure changed (as a result of damage) 
could be determined using,
-0 (2.2a) 
where [§Q] =
and normal matrix operations apply. Using these expressions, the above authors found
f\
that changes observed to the natural frequency [5Q] of a structure from measurements 
could by used directly to calculate stiffness change [§K]. The calculated stiffness 
change could then be compared to analytically based scenarios of damage to identify 
the most probable cause and location. However, the authors were quick to point out 
that eqn.(2.2b) has many solutions that depend on the number of natural frequencies, 
which even if successfully measured, could lead to erroneous damage identification 
when limited information was available.
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In an attempt to reduce possible errors, the aforementioned authors discovered a 
relationship between damage extent (and location) and the natural frequency of any 
two-vibration modes. The above authors also noticed that localised stiffness changes 
in a structure influenced individual natural frequencies is a unique way, which could 
be evaluated numerically from a ratio between two vibration modes. The method still 
relied on the numerical analysis of possible damage scenarios, but an 'error location 
technique' was derived to identify the 'maximum error' between the calculated and 
measured frequency changes in the vibration modes being considered. This approach 
was called a 'sensitivity' method and was based on a parameter that examined the 
'sensitivity' of vibration modes (i.e. mode susceptibility to change under certain 





where sri and srj are the sensitivity of mode i andj respectively to changes (damage) at 
location r; (8Q,) and (6Q/) are the change in the rth and/h natural frequencies obtained 
from measurements. The most probable damage was then defined when the total 
error, Er, was at a maximum, which was calculated using,
, where er = (2.4)
and emin is the minimum erij value. Since these proposals, a number of other authors 
have suggested methods that rely on similar basic principles. Hearn and Testa (1991), 
for example, proposed a method for the detection of damage in frame structures
10
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reducing the reliance on the overall structure by representing the stiffness problem 
[eqn.(2.2a)] in terms of individual member matrices. Applying the method to truss 
and frame type structures, the authors found that the computational demand was 
significantly less than the original Cawley and Adams (1979) method proving that 
eqn.(2.2a) could be written as,
[80] 2 (25)
where {<)>#}, and [Sfor] relate to the zth mode shape and stiffness change respectively of 
the Vh member. Adopting the philosophy that damage is unique to the ratio of change 
in two mode frequencies, and presenting [5kN] as a scalar quantity o/v [Ajv] that was 




Messina et al (1996) also chose to modify the original Cawley and Adams (1979) 
method by introducing, what the authors termed, a 'Damage Location Assurance 
Criterion (DLAC)' written as
[{6Q}r {SQ}][{Sa}{6co} s ]
(2 .7)
where {8Q} is a vector of measured natural frequencies, and {Sco}^ is the same modal 
frequencies predicted by analysis assuming damage at location s.
11
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2.2.1.2 Methods by Friswell et al
Friswell et al (1994) later supported by Penny et al (1993) and Salawu (1997) 
questioned the sensitivity approach proposed by Cawley and Adams (1979) stating 
that it '...lacked predictive quality'. These authors proposed that a more accurate 
prediction of possible damage could be gained if the error were calculated using a 
linear function having the form,
(2.8)
where —- is a ratio of the measured frequencies (before and after damage being r and
co 
j respectively) and ——- is a ratio of the calculated frequencies (predicted with an
analytical model before and after damage) incorporating assumed scenarios of damage 
located at position/* within the structure. £ was denoted as being an 'error quantity' 
whose properties were related to the 'variance and covariance' of the measured 
frequency values. To signify an exact prediction of damage, the calculated parameters 
of a, PI and 8 would be determined as unity, deviations from which suggesting that 
further modification to the assumed damage extent / location would be required.
Friswell et al (1996) later considered damage detection as a process involving 'natural 
selection' or 'generic processes'. Using a 'penalty function' approach, this report 
explored the possibility of identifying errors between calculated and measured modal 
properties of individual modes, as opposed to the 'modal pairing' outline above. The 
aim of the damage location process was the calculation of an error function, given by
(2.9)
where Wm , W^ and Ws are 'weighting factors' and JM and 4 were 'frequency and mode 
shape error functions' defined by,
12
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(210)' 10
- Wc/
where « = 1, 2, 3,..., number of modes used in the calculations. In these equations, Q, 
and co, are the calculated and measured natural frequencies of mode i, while {$} mi and 
{<(>}„ are the corresponding measured and calculated normalised mode shape 
respectively. 5* in eqn.(2.9) was used merely as a switch to limit the growth of the 
overall expression (i.e. a dirac delta function) in the event that more than one damage 
site was present in the structure. The aim was then to minimise eqn.(2.9) providing a 
best-fit between the measured and calculated data. This was achieved using a 'generic 
algorithm', which was discussed in detail by Friswell et al (1995) and is similar in 
principle to other minimisation techniques such as the root-mean-squared approach.
Cases and Aparicio (1994) also proposed a simpler version of this technique maintaining 
similar minimisation principles between calculated and measured properties determined 
using,
(2-12)
where Q, and {$} m,(f) are measured natural frequency and mode shape respectively, 
and the corresponding calculated properties are co, and {<))}«(/). In eqn.(2.12) r is as 
noted above, while / refers to localised parts of the structure, which may comprise a 
number of sub-elements (i.e. m elements). Damage was then identified from 
numerical models of assumed damage, following a similar approach to the method of 
the previously cited reports.
13
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2.2.1.3 Method by Zimmerman et al
Zimmerman and Kaouk (1992), and Zimmerman et al (1995a & b) followed closely 
the proposals of Cawley and Adams (1979), but instead of relying on the modal 
pairing philosophy, these authors showed that,
(2.13)
where co, and {([>}, are the measured *th natural frequency and corresponding mode 
shapes respectively, taken from the damaged structure, and dt was termed the 'damage 
vector'. The advantage of this approach over modal pairing was that the damage could 
be located using the matrices of the undamaged structure without modification, i.e. the 
original [K] and [M] matrices prepared for the undamaged structure. To locate the 
damage an 'error maximisation technique' was used, given by
(2.14)
where d/ is the/h component of the damage vector </,-, with || z/ || and || <)>,• || being the 
row norms of [Z], and {<)>}, respectively. ai j is a rotation angle between || z,- 7' || and 
||<|>j||, which deviates from 90° if the J, vector contains error, which in turn is used to 
signify damage.
2.2.3 Methods based on 'correlation' principles 
2.2.3.7 The 'MAC' and 'COM AC' approach
The identification of damage from measured mode shapes using the Modal Assurance 
Criterion (MAC) and the Co-ordinate Modal Assurance Criterion (COMAC), or 
variations thereof, have been proposed by a number of authors. The methods stem 
originally from the usual practice of correlating calculated mode shapes (obtained 
from FE analysis for example) and measurements, which aimed to validate the 
accuracy of analytical models. In simple terms, the MAC and COMAC are indices
14
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that allow the correlation of two mode shapes to be determined using a numerical 
quantity as the indicator. These data can relate to single (MAC) or multiple 
(COMAC) modes of vibration, which were proposed by Allemang and Brown (1983) 




where {<))}„ and {§}d are vectors containing the mode shape corresponding to the 
undamaged and damaged structure respectively. It is seen from these expressions that 
the MAC and COMAC can be used to indicate the change between mode shapes 
measured from a structure suspected of being damaged. The results is an index 
ranging from a value of unity (for a perfect fit - representing no change and thus no 
damage) to a value less than one if damage is present. Therefore, in theory, the 
amount of the deviation from unity will signify the severity of damage.
2.2.3.2 Modified 'MA C' methods
Variations to the original MAC and COMAC coefficients have been proposed by 
Meneghetti and Maggiore (1995) where a Local Modal Stiffness Sensitivity (LMSS) 
expression was formulated to relate ratio changes in measured natural frequencies of a 
damaged structure to those obtained when no damage was present. Shi et al (1998) 
used similar principles to quantify damage in framed structures from changes in modal 
strain energy. A single expression termed the 'Modal Strain Energy Change Ratio 
(MSECR)' was proposed and used to provide an indication of the deviation of the 
strain energy in a structure before and after damage.
15
Damage Identification in Engineering Structures... A Review of Literature Chapter 2
Pandey et al (1991) considered a theory termed the 'curvature mode shape' technique, 
which was devised to offer an alternative to the MAC. The method was based on the 
assumption that structural damage could be detected from curvature increases at the 
location of the defect. The method was shown to be more sensitive to damage 
compared to an assessment made using mode shape changes from the MAC ratios. 
However, the proposals depended on the acquisition of curvature information from a 
vibrating structure, which may in practice be difficult to achieve.
Samman and Biswas (1994a) also proposed an adjustment to the basic MAC and 
COMAC equations where measured response signatures of acceleration or velocity 
were used instead of mode shape information. These adjusted formulations were 
termed 'Signature Assurance Criterion (SAC)' and 'Cross Signature Assurance 
Criterion (CSAC)' and were based on a similar ratio quantity as portrayed by the 
MAC and COMAC.
2.2.4 Methods based on 'stiffness matrix adjustment'
The methods that are based on 'stiffness matrix adjustment' differ from the previous 
approaches in that the aim is usually to calculate the properties of a damaged structure 
directly from vibration response measurement. The philosophy is to numerically 're­ 
generate' the characteristics of a structure using principles similar to the FE method 
involving matrix-based analysis. The difference between this and the previous 
methods is that the numerical quantities within the structure matrices are allowed to 
'search' for a solution that best suits the measured values. By releasing the numerical 
quantities of the matrix elements from the strict formulation of the FE method, and 
allowing a solution to be obtained for the stiffness matrix using measured vibration 
data, damage is determined relative to 'adjusted' stiffness properties.
The essence of the matrix adjustment approach was demonstrated by Agbabian et al 
(1991) where time-domain velocity response data was used to re-generate the stiffness 
matrices of a framed structure. The method invoked conventional principles of 
structural dynamics [as Meirovitch (1986) for example] to describe the motion of a 
structure during vibration using a multi-degree-of-freedom (mdof) model given by,
16
Damage Identification in Engineering Structures ...A Review of Literature Chapter 2
[C] *(0 + [K]x(t) = f(t) - [M]x(t) (2.17)
where [C] and [K\ are damping and stiffness matrices respectively, andf(t) represents 
the forcing function applied to the structure to induce excitation, x(t) is displacement 
with respect to time, and the dot notation indicates differentiation with respect to time. 
To calculate the structural damage, eqn.(2.17) was considered in a form given by the 
above authors as,
(2.18)
where [R] is a matrix, the elements of which define the response of the structure with 
time, and {b} and {a} are vectors containing vibration response measurements and the 
unknown structural stiffness values respectively. Based on eqn.(2.18), a solution was 
obtained using Gaussian distribution [see Press et al (1992)] and probability density 
functions [see Weltner et al (1986)], which aimed ultimately to estimate the most 
probable damage sites utilising a given volume of response measurements in {b}. The 
method was demonstrated on a system comprising 6 dof s where ' . . .600 separate non- 
overlapping response signals...' were required to successfully re-generate the stiffness 
matrix of the damaged structure. However, the response measurements themselves 
were calculated from a theoretical model of the structure using the FE method, which 
makes it difficult to interpret the true accuracy of the method suggested from the 
example used for the demonstration.
The previous example highlights the main problem associated with matrix updating in 
that a large amount of data is often needed before a reliable assessment of damage is 
achieved. To reduce the reliance on this laborious process, updating algorithms have 
evolved that aim to recognise the most probable damaged locations in the structure by 
introducing additional algorithms into the solution process. With these additional 
features in place, the usual approach is to concentrate on localised parts of the system 
matrices using an FE model of the original (un-damaged) structure as a commencing 
point. Gudmundson (1982), Salane and Baldwin (1990), Friswell and Penny (1992), 
Zhang et al (1994), Stubbs et al (1995) and Crema et al (1995) have all reported on
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such an approach (offering slightly different methodologies) that aim to increase 
accuracy and reduce the amount of response data needed to identify the damage.
Other approaches include Ahmadian et al (1996) where sub-structuring procedures 
were used to concentrate the adjustment on localised parts of the stiffness matrix. And 
Friswell et al (1997) proposed a rigorous 'mathematical approach' to this philosophy 
using a 'parameter subset selection technique'.
2.2.5 Methods based on numerical modelling of the damage
A number of approaches have emerged that aim to evaluate the influence of 
incorporating a model of the damage into the behavioural predictions determined from 
conventional analysis (FE being one example). The philosophy within this group of 
damage identification methods is to replicate the vibration behaviour of the damage in 
a numerical way and examine its influence on the overall structure. By varying the 
extent and location of the damage, calculated and measured response information is 
compared to determine the most likely solution. The basic approach is therefore 
similar to previously cited methods, but the difference stems from the manner in which 
the damage itself is modelled.
2.2.5.1 Methods based on modify FE analysis
Hu and Liang (1993) adjusted the conventional FE formulation of a prismatic beam 
element [see Zienkiewicz (1977)], by simulating damage (in this case cracks) as 
infinitesimal springs. The method was used to compare measured and predicted 
natural frequencies and their corresponding mode shapes, which were compared with 
measured properties in an attempt to locate damage. The authors claimed success in 
the method, showing that frequency and mode shape change, which occurred after 
situations of inflicted damage (deliberate saw cuts) could be detected.
Krawczuk (1992) had earlier proposed a 'cracked Timoshenko beam element', which 
could be used for vibration analysis. Introducing flexibility terms into the formulation, 
a Timoshenko beam' was used to model non-propagating cracks positioned at the
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mid-point of the member. Natural frequencies and mode shapes were calculated to 
correspond to various crack depths to demonstrate the amount by which these 
characteristics would change. Chondros and Dimarogonas (1998) considered a similar 
refinement to this method proposing a modified '...Euler-Bemoulli beam 
formulation...' as the basis that would allow single and double-edge cracks to be 
incorporated. Calculations of vibration response prepared for short aluminium bars of 
varying lengths containing deliberate saw cuts gave predicted behaviour that was said 
to compare well with measurements. Ruotolo et al (1996) also derived a model for the 
analysis of cracked (damaged) cantilever beams, which could predict harmonic 
vibration taking account of the '...opening and closing...' of the damage during 
vibration. The formulation was based on an Euler-beam FE, which had two dofs at 
each node allowing transverse displacement and out-of-plane rotation to be calculated. 
Mannan and Richardson (1990) and Brandon and Mathias (1995) have also conducted 
similar studies of this type.
It should be noted, however, that in all the aforementioned cases, the test structures 
used to trial the methods were basic (short steel rods and cantilevers for example) with 
its application to larger elements not being reported.
2.2,5.2 Method based on constitutive material models of damage
Studies have also focused on the dynamic behaviour of damaged structural materials. 
These formulations are usually termed 'dynamic damage constitutive models', which 
aim to relate the degradation of material strength with their influence on the vibration 
characteristics in the structure. Qingbin et al (1996) proposed such a method where 
'damage variables', obtained from stress-strain relationships of concrete in uni-axial 
tension, were used to predict the level of excitation at which damage would occur in 
concrete beams. Oiler et al (1996) proposed a similar method, but concentrated on 
constitutive models on fibre reinforced composite materials offering several 
relationships to obtain the elasto-plastic behaviour of the material. Again, the method 
aimed to predict the onset of damage under low frequency uni-axial load.
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Hu and Liang (1993), later improved by Peng and Fang (1997), formulated 
constitutive models for the analysis of elasto-plastic materials where material 
characteristics were included in the predictive model. The latter author, focusing on 
uni-axial cyclic load, proposed a '...thermo-mechanically consistent continuum 
damage model...'. The formulation used '... deviatoric and volumetric...' stress-strain 
relationships to predict the strength degradation of concrete subjected to amplitude 
varying low frequency load.
2.2.6 An example to demonstrate the application of selected damage identification 
methods cited above
2.2.6.1 A hypothetical problem
A cantilever of constant stiffness, mass and elastic modulus of unit length, L, is shown 
in Figure 2.1 together with its finite element model counterpart. The cantilever model 
comprises 10 uniform elements connected by 11 nodes. To restrict the size of the 
problem the nodal degrees-of-freedom (dof s) have been limited to translation and 
rotation out-of-plane to the cantilever length. The result is a structure with 20 dof s 
with lumped masses assigned to each node, while all dof s are restrained at the support 
node to simulate a fully fixed case. Therefore, each node has 2 dof s numbered 
sequentially starting at node 1 nearest to the support. The task is to locate the presence 
of damage within the length of the cantilever.
2.2.6.2 Solution using the Cawley and Adams (19 79) proposals
Damage was simulated by imposing a 10% reduction in flexural rigidity (El) at 
element number 6 (see Figure 2.1) resulting in a change to the rotational stiffness in 
the cantilever model at nodes 6 and 7. Assuming that the mass properties of the 
structure are unaffected by these alterations, the natural frequency change of the first 
eight modes was calculated. Equations (2.3a & b) and (2.4) gave the results shown 
graphically in Figure 2.2. In Figure 2.2, it is should be noted that damage is identified 
as being coincident with the point were maximum calculated error - 'Er ' is found. 
Thus, an error value Er = 100(%) is a perfect identification of the damage location, the
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latter being relative to the element layout and numbering system adopted for the 
numerical model. In addition, the likelihood of identifying the location of the damage 
increases as more modes of vibration are considered, which allows the relationship 
between a greater number of 'mode pairs' to be treated. The terminology 'mode pair' 
is a reflection on that used in the publications that have considered this approach, i.e. 
Cawley and Adams (1979) for example, and relates to calculations performed using 
any two mode shape data sets. [See eqns.(2.3a), (2.3b) and (2.4) for the relevance of 
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Figure 2.2 - The location of damage in a cantilever structure assuming an exact 
simulation of the defect has been found (8 mode pairs considered).
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It is seen from Figure 2.2 that the method has successfully predicted the location of the 
damage by correctly identifying the maximum error, Er, as being at element number 6. 
This was found from calculations prepared using eight 'mode pairs' (i.e. the pairing of 
mode 1 with modes 2 to 9 inclusive), the mode shape results of which being 
determined assuming that damage was a 10% stiffness reduction at element number 6.
Figures 2.3(a) and (b) illustrate the calculated error Er for the same problem assuming 
that the damage extent was not correctly specified in the analysis. To calculate Er in 
this case, it was assuming that the damage could be represented as a 5 and 15% 
reduction in stiffness at element number 6 (i.e. different from the actual damage), the 
results of which being indicated in Figures 2.3(a) and (b) respectively. In both cases, 
element 6 is highlighted as the damaged member, which is a correct identification. 
But, the figures also show that marginal damage could be present in all other elements. 
This can still be regarded as a successful detection of the damage, as the error Er 
associated with element number 6 dominates. However, if the amount of mode pairs 
considered in the calculation of Er is reduced, (i.e. reducing the amount of available 
data on the damaged structure) a misleading representation of the damage emerges. An 
example of the latter is given by Figure 2.4 where the calculated values of Er based on 




















Figure 2.3 - Damage location within the cantilever with (a) 5% stiffness reduction 
and (b) 15% stiffness reduction at element number 6 to representing 
damage (8 mode pairs considered).
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Figure 2.4 - Damage location within the cantilever with (a) 5% stiffness reduction 
and (b) 15% stiffness reduction at element number 6 to representing 
damage (one mode pairs considered).
2.2.6.3 Solution using the approach ofZimmerman et al
Using the example set out above, the solution to eqn.(2.14) with correct interpretation 
of the damage (i.e. 10% stiffness reduction) gave the results illustrated graphically by 
Figure 2.5. However, introducing a similar misrepresentation of the damage as 
considered in the previous example [i.e. assuming a 5% stiffness reduction - see 
Figures (2.3(a) only] the error, a, presented by Figure 2.6 illustrates that the location 
of the damage is no longer clearly defined.
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Figure 2.5 - Damage detection assuming perfectly captured modal properties from the 
damaged cantilever (Based on 1 st mode results).
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Figure 2.6 - Damage detection assuming 5% stiffness reduction in the mode shape 
measurements, using data from (a) 1 st mode, (b) 2nd mode, (c) 3rd mode, 
and (d) 4th mode.
2.2.6.4 Discussion
These simple examples highlight a number of problems that are associated with
damage identification carried out using mode shape data that could be collected from
simple structures. To simulate the possible inaccuracies that could be incorporated
into the analytical assessment of damage using the above-considered methods, a
simple exercise based on the incorrect assignment of stiffness at the damage site was
treated. Based on these examples, the following comments can be made.
(i) The correct location and identification of defects is dependent on the accuracy of
the measured data used for numerical processing. This applies to both natural
frequency and mode shape information, where it may be difficult in practice to
collect such information without incorporating some form of error.
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(ii) The accuracy of the method increases proportionally to the amount of data 
available. Therefore, to ensure that the error in the identification process is 
reduced as much as possible, data from as many locations throughout the 
structure, representing as many modes of vibration as is possible, should be 
obtained. In practice this also may be difficult to achieve due to limitations 
imposed by the means used to collect vibration measurements. The rotational 
degrees-of-freedom at discrete locations within a structure being one such 
example.
(iii) If errors are encountered or exaggerated as a result of the problems listed above, 
an incorrect assessment of damage could be made.
2.3 Damage Identification using Changes in the Dynamic Characteristics 
Alone
The main principle of all aforementioned methods is to use measured vibration data to 
identify defects after known occurrences of damage and to compare the results to a 
numerical model. However, alternative methods, which were identified earlier as 
either (a) continual monitoring of dynamic characteristics throughout the life of the 
structure or (b) comparing the results of a large number of similar structures, are 
becoming more popular. Both (a) and (b) above are not normally concerned with the 
justification of damage (or its location) found by a computationally based analytical 
model, which is fundamental to the methods cited in previous sections in this chapter. 
Generally, the procedure considered for these identification methods is to study 
carefully the manner in which the dynamic characteristics change (or are seen to vary) 
and how they can be related to the type of processes that are assumed to cause the 
damage. By treating the problem as one that is not wholly dependable on the results 
produced from an analytical solution (e.g. the FE method), the approach is often to 
identify damage from characteristic trends observed in measured vibration data on 
many similar structures. Therefore, by building up a library of how these 
characteristics are affected by particular cases of damage (e.g. the onset of possible 
failure from excessive static pre-load), the ultimate aim is to use the observations to 
detect defects in other similar structures.
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2.3.1 Methods based on a comparison of many structures
A good example where repeated measurements were used to identify defects from a 
large number of similar structures was reported by Ellis (1998) where ambient 
vibration measurements of pinnacles at the Palace of Westminster, London, were 
examined. The above report discussed the findings obtained from natural frequency 
results of 534 stone pinnacles of various size groupings (comprising a number of 
similar structures in each) located around the roof perimeter of the aforementioned 
structure. The approach was to locate the pinnacles that may have been affected by 
damage (e.g. material deterioration). The aim was achieved by compiling measured 
natural frequency readings in order to identify those pinnacles that did not conform to 
the trends observed from all others. Using this approach, the author showed that from 
the total number of pinnacles tested, 5 structures were identified as showing 
frequencies that did not conform to the majority, which rationalised the number of 
members considered for closer inspection. Mehrabi and Corley (2000) also reported 
on studies of a similar nature where the approach was chosen as a method used to 
monitor cables of suspension bridges.
2.3.2 Methods aimed at developing a library of performance indicators
Researchers at the University of Nottingham [Owen et al (1996), Das et al (1997) and 
Eccles et al (1997, 1999)] have contributed significantly to this form of damage 
identification, which aims to build a library of performance indicators for use with 
bridge monitoring. The aforementioned authors have studied carefully the dynamic 
characteristics of reinforced concrete beams and have examined these properties 
during phases of deliberately imposed damage. To introduce the damage, the authors 
chose to use progressive static loading, applied in a variety of ways, which allowed the 
influence of incremental stiffness changes on the natural frequency and mode shapes 
to be examined. The significant conclusions drawn by the authors from these studies 
were (a) the measured natural frequencies of similar beams subject to identical static 
load conditions changed in a repeatable manner, and (b) these changes were found to 
correspond to observations of definite structural damage. With regard to the latter 
point it was found that applied static load levels, which induced initial cracking of the
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concrete beams, coincided with a notable change to the natural frequencies. However, 
the authors make it clear that mode shape measurements did not provide results of 
sufficient sensitivity to highlight similar characteristic changes.
Salane et al (1987) also gave a discussion of this approach, which studied the transient 
and steady state vibration behaviour of a three-span bridge subjected to various levels 
of induced damage. The study focused on the decay-of-vibration characteristics of the 
bridge as well as its response to various frequencies of force excitation (i.e. the 
Frequency Response Function or 'FRF'), from which both were seen to change 
depending on the level of damage imposed.
Garstka et al (1993) and Sedeghi et al (1993) proposed a method, which assigned 
'damage indicators' to cyclical reinforced concrete cylinders. These authors 
considered the possibility of assessing the rate and extent of progressive damage 
inflicted on structures subjected to earthquake type loads (i.e. non-periodic vibration). 
They found that the '...energy absorbent characteristics...' (damping) of the members 
changed as the amount of damage was increased. Using several similar studies, the 
authors established a repeatable trend, from which a set of indices was defined relative 
to applied load intensity. These indices were proposed as a means of damage 
detection for use on other similar structures.
2.4 A Sample of Published Reports showing the Application of Damage 
Identification Methods to Structures of Varying Scale
2.4.1 Studies carried out on small-scale (model) structures
Sanders et al (1989) reported on a study to detect damage in model cantilever 
members made from fibre reinforced composite materials. The study aimed to 
investigate (a) how damage affected the internal elastic constants of the material, and 
(b) how these changes influenced the stiffness of the overall structure. The authors 
used an 'error-based' procedure to detect cracking and inter-laminar de-lamination in 
composite fibre reinforced cantilever members measuring 760mm long, 10mm deep
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and 25mm wide. A modified FE formulation was used to determine the natural 
frequencies of the cantilever using 40 beam elements. Using the aforementioned 
analysis, the authors reported the successful detection of deliberately introduced 
discrete damage, which was performed by comparing results from the proposed 
formulation with data from a standard FE model. However, due to the latter point, it is 
questionable if the presented conclusion would be repeated should the study be carried 
out on a real (more complex) structure.
Ismail et al (1990) examined the affect of saw cut damage inflicted on aluminium bars. 
The former authors considered bars of dimensions 10mm deep, by 65mm wide each 
having a length of 460mm supported at one end by a clamp to simulate a cantilever 
structure, while the latter chose 300mm length members. In both cases, damage was 
inflicted at various locations along the bars, which was later considered analytically 
using 'spring-loaded hinges' in a FE model. Comparing natural frequency 
measurements to the FE calculations, the authors found discrepancies even before 
damage was inflicted, which were assumed to be the result of inaccuracies between the 
modelled clamp support and its actual properties. The authors also found damage 
detection difficult as changes made to the model in an attempt to locate the damage 
produced equally plausible changes in the calculated frequencies found when 
refinements were made to the simulated clamp support.
Mazurek and Dewolf (1990) report on a study that used measured natural frequencies 
obtained from a model two-span bridge that had been deliberately damaged. The 
bridge measured 100mm wide having two spans of approximately 2.25m each, which 
were continuous over the central support. The cross section was fabricated from steel 
plates and angles, while vehicle loading on the bridge was simulated using two steel 
weights mounted on rollers. Two scenarios of damage were considered, the first being 
failure of the central support (i.e. its removal), while the second aimed to simulate a 
crack in the steel deck at a pre-determined location, which was to reduce the bridge 
bending stiffness by 81%. Unsurprisingly, the response of the structure was seen to 
change dramatically when the bridge was subjected to the first damage case, which 
was acknowledged by the authors as being the anticipated result. The second case 
changed the measured frequencies by 11.4%, 4.3% and 3.4% for modes 1, 2 and 3
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respectively. From these results, the authors proposed that natural frequency 
measurements offered great potential for the detection of damage in bridge structures. 
But due to the small-scale of the tests, and owing to the simplicity of the laboratory 
model, the authors could only propose the method as 'feasible' with no guarantee of 
success at full scale.
Liu (1995) used a matrix adjustment procedure to re-calculate the stiffness and mass 
matrices of a damaged cantilever truss using a FE model as the analytical basis. The 
author used '...perturbation theory and the 'Monte Carlo' method to establish the 
number of modes needed to minimise the coefficient of variance...', which would 
signify the correct damage case. The aim of the study was to identify the amount of 
measured data required to accurately locate damage in truss like structures. Applying 
the method to a structure with 17 dof s, the author suggests both mode shapes and 
natural frequency values for a minimum of 5 modes would be necessary to confidently 
predict the member properties of the considered structure (thus indicating damaged 
extent and location). However, the author concluded that this would only be possible 
if the data were retrieved with no incorporated errors, which was accepted as being 
highly unlikely.
Meinhold et al (1996) investigated damage inflicted on reinforced concrete plates by 
correlating results from FE analysis with measured values. Incremental static load 
was used to inflict damage on the plates in stages up to their ultimate capacity, 
between which vibration data was collected to determine the natural frequencies. 
Comparing measured frequency results to FE calculations, the authors were able to 
correlate a number of the lower mode frequencies of the structures by incorporating 
the known location of damage into the analytical model. However, the authors did not 
present detail of the correlation making it difficult to assess the actual success gained 
from the study.
Samman and Biswas (1994b) used vibration measurements obtained from both full- 
size and laboratory-scale bridges. Using a modified MAC, termed the SAC method, 
the authors found that mode shapes measured from the model before and after 
deliberately inflicted damage indicated that changes could be identified. The method
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used to cause the damage to the laboratory model, which measured 2.5m by 1.2m on 
plan, comprising saw cuts in its steel beam flanges. SAC values ranging from 1 to 
0.96 were obtained when saw cut depths from zero (no damage) to 51mm were 
imposed. The authors concluded that the observed SAC value change was reasonable 
evidence to support the method as an indicator of damage.
A similar study was considered by Wolff and Richardson (1989) and by Almapalli et 
al (1997) where the MAC and COMAC ratios were used in their original form to 
detect damage in large-scale laboratory models. The main conclusion drawn from 
these studies was that the aforementioned coefficients were found to change in a 
manner that corresponded to the severity of imposed damage. However, in all the 
above cases that involve the use of standard or modified MAC methods, no account of 
repeatability was discussed where the results from only one laboratory structure were 
used to form the conclusions.
2.4.2 Studies carried out on large-scale (civil / structural engineering) structures
Maguire and Severn (1987) considered three full-sized civil engineering structures 
comparing the measured frequencies to the results gained from FE analysis. The 
report discussed a number of facets for vibration testing, which included its possible 
use as a damage identification tool reporting that the instrumented hammer test 
(described in chapter 3) could offer a convenient means of obtaining natural frequency 
readings. The authors noted that changes were observed in the natural frequencies of a 
beam when its tendons were exposed for inspection by removing localised areas of 
concrete. The reduction of the natural frequencies, based on a comparison of before 
and after concrete removal, was noted as being approximately 1.5%. However, no 
comment was made regarding the extent of change that occurred to the stiffness of the 
beam in order to induce the observed natural frequency alteration. Wood et al (1991) 
also conducted a similar study, choosing to consider both reinforced and post- 
tensioned concrete beams. The conclusions of this work also indicated that the natural 
frequencies of the members changed after damage, but the change in the values (based 
on 7 vibration modes) was at most 0.6%.
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Jauregui and Farrar (1996) conducted hypothetical studies on a full-sized three-span 
bridge. The authors used a series of 'error-based' algorithms to successfully locate the 
most probable locations of various damage cases, which were analytically simulated 
using FE model by introducing small changes to its section and geometrical properties. 
However, due to the hypothetical nature of the study it is difficult to assess if the level 
of damage imposed analytically would be detected from tests conducted on the real 
structure.
Farrar and Cone (1995) and Salawu (1997b) used vibration measurements from full- 
scale bridges to detect damage. To test the method, deliberate damage was inflicted 
on the structure, which ranged from support bearing replacement to the introduction of 
saw cuts to simulate cracking. The former of these cases produced changes to the 
vibration behaviour of the bridge, which corresponded to analytical predictions. The 
study also incorporated the stiffness adjustment of the replaced bearings at the 
supports. The latter point, however, highlighted discrepancies between the measured 
behaviour and analytical prediction when the inflicted damage was simulated within 
the bridge using the same analytical model. A similar outcome was reported by 
Mayers (1995) where a numerical 'damage indicator' was used to quantify deliberate 
structural changes (saw cuts) made to a three-span full-scale bridge. Although this 
author claimed that the damage could be accurately quantified (and located), pre- 
studies carried out before the introduction of the structural changes also suggested that 
damage had been inflicted.
2.5 Discussion and the Way Forward
2.5.1 Main points to note from the review
The aforementioned authors claim that damage could be identified (and sometimes 
located) in a structure using dynamic characteristics as an indicator. The justification 
given to prove the validity of the cited methods are based on principles that are in 
accordance with the rules governing the assumptions of each approach, therefore 
making it difficult to criticise their formulation directly. However, each of the
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proposed methods have been prepared to make the detection of damage in real 
structures a convenient and reliable process, and it is here that varied opinions appear 
to have emerged. Some of these opinions are supportive (usually those proposing the 
method) but others identify problems that highlight the weakness of the method by, for 
example, attempting to match ideal (or exact) theories to structures that may not reflect 
such mathematical perfection. The main points to be noted from the review can be 
expressed as follows.
When using 'Error-based' or 'matrix adjustment' techniques:
(i) Care should be taken to ensure that measurement error (i.e. non-structural related 
vibrations or 'noise') is avoided. Friswell et al (1997), Alampalli et al (1997) 
and Samman and Biswas (1994a) realised this problem stating that should error 
be present in the measured response data, then it is highly likely that incorrect 
damage will be identified using these techniques. Other authors such as 
Agbabian et al (1991), Zimmerman and Kaouk (1992), Messina et al (1996), and 
Shi et al (1998) imply a similar awareness finding that noise could significantly 
influence the identification process, as damage and its locations is directly 
associating with the measured data being used.
(ii) It is important to collect as much vibration data as is possible from the physical 
structure, which should be conducted on as many modes of vibration as can be 
obtained. Although a number of authors have attempted to determine the 
'optimum' amount of data that would be required to make an accurate 
identification of damage, it is clear that the actual requirements are far from 
universally applicable. In general, the greater the volume of available data (i.e. 
natural frequencies and associated mode shapes) the greater are the chances that 
the existence of damage will be identified.
(iii) If (i) and (ii) are satisfied with a high degree of confidence, it is important to 
ensure that the computer model used to interpret the damage is a true reflection 
of the structural changes. Although the reports included in this chapter have 
concluded successful outcomes to the problem of damage identification / 
location, little evidence was found of authors demonstrating the applicability of 
the chosen numerical solution, and how it may relate to actual structural 
conditions. One possible way of achieving this could be to ensure that the
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numerical solution that represents the undamaged structure are calibrated against 
the measured vibration from the 'pristine' structure, which would provide a 
'benchmark' for subsequent measurements.
The above points are based on the discussions presented in the reports that have been 
cited in this chapter, which as such do not reflect on the studies that are presented in 
subsequent chapters of this thesis. However, even at this stage there are a number of 
items that are unclear. The most prominent of these being how successfully the 
vibration behaviour of larger structures (e.g. buildings, bridges etc.) can be measured 
and modelled. Additionally, the sensitivity of the dynamic characteristics to damage 
within these structures is not definitive, and a large gap exists between the approaches 
considered for small-scale and larger structures. One way of closing this gap could, 
therefore, be to establish clear definitions of where dynamic characteristics could be 
used to detect particular categories of damage in structures of a certain type and size. 
This is the approach that has recently started to develop, which was identified above as 
the methods that are based on continual monitoring that aim to establish definite trends 
in structures of a particular type. The advantages of this approach over that of other 
methods are:
(i) Damage identification is not dependent on a computer simulation of the assumed
damage, 
(ii) The identification of damage location is not generally the aim, but the
recognition of how particular characteristics are influenced by its presence are
the objective, 
(iii) A library of damage and the way it affects the dynamic behaviour of similar
structures can be established.
2.5.2 The way forward
The way forward adopted in this thesis will be to make use of a number of the salient 
points that have been recognised from all the above methods. The aim will therefore 
mainly be to:
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(i) Establish if damage can be identified from changes in the dynamic 
characteristics of various structures determined from measured vibration- 
response data. These studies will concentrate on the structure and parts thereof, 
as identified in chapter 1.
(ii) Use numerical models of the structure in question, which will consider the 
various sub-structure levels in as much detail as necessary, to compare the 
measured dynamic characteristics with calculated solutions. This will then allow 
conclusions to be drawn regarding the sensitivity of various sub-structural levels 
to damage.
(iii) Depending on the level of structural complexity being studied, a range of 
dynamic characteristics will be considered in order to identify if repeatable 
trends can be recognised from the dynamic characteristics corresponding to 
various levels of damage.
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CHAPTER 3
The Methodology for Dynamic Testing and the Approach used to Determine the 
Dynamic Characteristics of Structures from Measured Response Signals
3.1 Introduction
It has been discussed in chapter 2 that the detection of damage in engineering 
structures using vibration measurements depends almost exclusively on the two main 
factors, (i) The quality of vibration data obtained, and (ii) how this data can be related 
to the overall characteristics of the structure under test. The latter factor is usually 
assessed by forming a numerical model of the structure, which is often used to 
correlate with the observations obtained from the measurements. With regard to the 
former, to recognise if damage has influenced the dynamic characteristics of a 
structure, it is clear that the vibration data collected should be of a quality that will 
allow a consistent set of results to be achieved. This is an important aspect of damage 
detection performed in this manner, as the usual philosophy is to interpret the resulting 
changes to the dynamic characteristics as being indicative of structural damage. To 
ensure that consistent data and subsequent dynamic information are determined from 
the structures considered in this thesis, vibration test methods and the methodologies 
used to determine the dynamic characteristics should first be established and 
standardised.
This chapter is presented in three parts, which can be categorised as follows:
(i) A review of published literature that outlines a number of reported methods used
by other authors to measure the vibration response and interpret the dynamic
characteristics of engineering structures, 
(ii) A description of the equipment used to measure the vibration response of the
structures considered in this thesis, which will also include a specification of the
instrumentation adopted, 
(iii) A discussion of the methodologies used to determine the dynamic characteristics
from the vibration response measurements.
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3.2 Determining the Dynamic Characteristics of Engineering Structures - A 
Review of Published Literature
Without intending to give an exhaustive and in-depth review of all available vibration 
testing and analysis techniques, a cursory overview of the more prominent methods 
that have been used in the fields of civil and structural engineering is given as follows.
3.2.1 Methods used to induce vibration of engineering structures
To study the vibration response of a structure, a number of methods have been put 
forward that excite the structure in a manner that will allow vibration response data to 
be recorded with the aim of collecting good quality and consistent dynamic 
characteristics.
3.2.1.1 Impact induced vibration using an instrumented hammer
To retrieve dynamic characteristics from a structure it is common to use an approach 
that initiates excitation by means of an initial input energy source, usually in the form 
of an impact load. By recording the response of the structure (the output) that is 
induced by this initial force (the input), a correlation between the input and the output 
responses can be made to provide information about the way the structure absorbs and 
disperses energy. Correlating input and output characteristics in this manner allows 
the transfer of the input force through the structure to be established, thus providing 
information on the system behaviour. This correlation is then used to interpret the 
dynamic characteristics of the structure, which is commonly termed Transfer Function 
(TF).
The application of the hammer test to obtain a measure of the dynamic characteristics 
of a structure has been documented in many texts on the subject, Ewins (1986) and 
McConnell (1996) being two examples, which cover aspects such as digital signal 
processing and signal analysis. Maguire and Severn (1987) gave a good overview of a 
number of the main issues for the method and described in detail the processes 
involved in capturing and analysing signals obtained from the hammer test.
36
The Methodology for Dynamic Testing ... Chapter 3
Reynolds et al (1998) and Pavic et al (1994, 1996) reported on a study where the 
natural frequencies of a reinforced concrete slab were determined from tests performed 
using a 5.4kg instrumented hammer. The slab, which measured 15m square having a 
thickness of 250mm, was made from high strength concrete and was supported by four 
columns located symmetrically near its corners. Initially, the study aimed to measure 
the frequencies of the structure in as many of its natural modes as possible and to 
identify how these values changed during the phased construction of a false floor 
system. The authors identified a total of nine modes of vibration at three construction 
phases, these being (1) bare concrete floor, (2) floor panelling loosely connected, and 
(3) floor panelling securely fixed in position. From these tests, the authors found that 
a reasonable measure of the slab natural frequencies could be obtained and they also 
showed how the values change as surface treatments were added. However, the 
observed frequency change was small (within ± 2%), and as the authors did not give 
detail regarding the accuracy of the measurement, it is difficult to assess the true value 
of the findings. Nevertheless, the authors suggest that the approach can be used to 
determine the natural frequencies of floor slabs successfully, later demonstrating its 
application to large concrete floors in buildings [Pavic et al (1997)].
3.2.1.2 Impact vibration induced by human activity
The study of human induced vibration and the effects of human-structure interaction 
are subjects that are continually evolving. A large volume of published work on these 
issues is already available and the continual interest that is presented by such reports 
demonstrates that human activity, and its effect on structural components, is a 
specialist subject in itself.
It is not intended here to give a review of the literature that is currently available on 
these subjects, as it is sufficient to say that these reports are vast and vary in both 
quality and approach. For the most part, current research interest appears to be 
concentrating on the study of human induced vibrations on slender concrete floor 
structures, some examples of which have been reported by Caverson and Williams 
(1994), Williams and Waldron (1994), Anderson and Nayfeh (1996), Plum and 
Svensson (1993), Ellis et al (1996) and Ellis and Ji (1996). However, without dealing 
specifically with the detail of these reports there is one type of human induced
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vibration that has been used to provide an initial force purely to extract natural 
frequency and damping information. This type of loading has been referred to in 
literature as the 'heel-drop' test and has become commonplace in the testing of full- 
scale structures, such as floor slabs, due to its simplicity and effectiveness.
Wyatt (1989) and Osborne and Ellis (1990) have described the 'heel-drop' test 
procedure as being performed by a single person standing at the location on the 
structure where the impact load is to be applied. Then, raising the body onto the balls 
of the feet followed by an immediate dropping of the body weight onto the heels 
generates a dynamic force, which is greater in magnitude than the force caused by the 
body at rest. A measure of the amount offeree is generally not recorded, as the aim is 
simply to generate input energy so that vibration of the structure is induced.
In general terms, a measurement of ambient vibration produced in this manner yields 
limited information if the magnitude of the force that was responsible for the vibration 
is not known in detail. However, if the only information required from the structure is 
an estimate of its natural frequency, then ambient vibration response information (e.g. 
the response caused by impact) is all that is required [Ellis (1995)]. Under this 
condition, the heel-drop test has been an effective means of initiating vibration and has 
been used to determine the response of building floors by authors such as Osborne and 
Ellis (1990), Caverson et al (1994), Ellis et al (1993), and Plum and Svensson (1993).
3.2.1.3 Forced vibration by electro-dynamic shaker
For the study of larger structures (for example - full-scale buildings or 'whole- 
structures') the heel-drop approach becomes less practical as the level of input energy 
required to induce vibration would need to be relatively large. To overcome this 
problem, researchers have used mechanical exciters, which can impart large force 
magnitudes on a scale commensurate with the vibration of whole-structures. These 
methods can also offer an accurate means of imparting dynamic force that is in-rune 
with the natural oscillatory behaviour of the structure under test, i.e. sinusoidal motion. 
Pavic et al (1997) and Reynolds et al (1998) describe the use of such a device, which 
comprised of a portable self contained excitation unit, which housed a vibrating 45kg 
mass that could be used to induce a dynamic force along a single axis. When set in
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motion, this mass provided a controllable dynamic force, the speed of which could be 
varied to any desired frequency within a certain range. The excitation force produced 
by the device was used to induce both sinusoidal and burst type (or 'chirp') loading 
situations (primarily on concrete floors), which were generated via a 'digital function 
ensemble device' prepared on a designated micro computer linked to the excitation 
unit. This system has been adopted for research at the Centre for Cement and 
Concrete (CCC) at the University of Sheffield and has been reported in several 
publications by this institution over the past decade, examples being Pavic et al (1994, 
1996), Waldron et al (1996), Pavic (1997).
Williams and Tsang (1988) also used a similar device (with a comparable level of 
excitation mass) to determine the forced vibration response of a five-storey fire station 
drill tower, reporting that sufficient force could be generated to allow an examination 
of the first five of its vibration modes.
3.2.1.4 Forced vibration using an eccentric-mass excitation device
An alternative to a force that depends a mass vibration along a single axis, is a range 
of mechanical devices that are based on two contra-rotating masses have been 
developed by the Building Research Establishment (BRE), UK. One of the first 
descriptions of this system was reported in a paper by Jeary and Ellis (1981), and later 
by Littler (1988). These were used to provide a source of excitation for a range of 
structures of varying sizes. The devices were reported to vary in size. Examples of 
their use have been used include the vibration of glass panels, concrete floor slabs, and 
large structures such as dams and tall buildings. With this system, BRE have been 
studying the vibration performance of structures for a period now exceeding two 
decades. During this time a large amount of experience and knowledge has been 
acquired, which has been expressed and reflected in publications world-wide.
The device itself operates on the principle that the two masses (which rotate in 
opposite senses) produce centrifugal forces that are relative to the speed at which they 
are rotated. As these weights rotate in opposite directions, the resultant affect is a 
sinusoidal excitation force that peaks when the weights coincide and are nullified 
when they are at opposite ends of their oscillatory cycle. The flexibility of the
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individual devices are evident from their specifications, which stipulate that a variety 
of forcing magnitudes can be applied to any given structure using a range of weight 
sizes, which can be added to the rotation parts of the device. Combining this with the 
accuracy to which the speed of rotation can be controlled (0.005 Hz), the device offers 
a convenient means of vibrating structures at any frequency within a certain range. To 
calculate the magnitude of dynamic force, that is imparted to a structure by the 
oscillating masses, a simple relationship. This multiplies the mass of the rotating parts 
with the respective acceleration of motion, the magnitude of which is calculated using,
Fw =F0 sm(<aft) (3.1a) 
where F0 =mwrcoy 2 (3.1b)
and Fw is the force generated when the mass of mw (sum of two weights) is spun at a 
speed of CD/ (in radians / second) at radius r from the centre of rotation with time t. 
Depending on the size of structure being tested, and thus the level of input energy 
required, the force can be varied by adjusting mw.
3.2.2 Determining the dynamic characteristics of a structure from periodic, non- 
random vibration response measurements
Throughout all publications considered by this review, the assumption that is normally 
adopted considers the dynamic response of a structure as 'an adding together' of 
individual well-separated vibration motions. A further assumption normally 
considered is that these individual motions are sinusoidal in nature, the frequency of 
which are dependent on the stiffness, mass and damping properties of the structure 
under test. Although not always found to be the case, this assumption is important, as 
it is the basis on which 'modal analysis' (which is the term often used for studies that 
determine the dynamic characteristics of structures) is based. The rationale and basic 
principles of modal analysis are included in Appendix A, based on which the 
following information can be determined if a record of the vibration response of a 
structure is known.
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3.2.2.1 Determination of the natural frequency of a structure using FFT methods
A convenient way to determine natural frequencies of a structure from measured 
vibration response signals is to use a Fast Fourier Transform (FFT) algorithm. A basic 
description of the FFT is also given in Appendix A, which in its simplest possible 
terms is a means of expressing a time dependent response signal (induced by some 
form of input force) in terms of its frequency domain counterpart. To accomplish this 
transformation, the FFT uses principles of Fourier series [Jean Baptise Joseph Fourier 
(1768 - 1830)] which in essence, provided a means of identifying sinusoidal 
components of a periodic signal - i.e. the Fourier components [Cooley and Tukey 
(1967)]. These components portray the frequency content - or 'spectral density' - of 
original recorded vibration response, which is normally called the 'autospectrum' 
(singular) or 'autospectra' (plural) of the measured data. And, as the motions of the 
individual vibration modes of a structure are assumed to be sinusoidal in nature, the 
FFT approach allows natural frequencies to be identified from the Fourier components 
that comprise the measured vibration response.
3. 2.2.2 Natural frequency and damping from decay-of-vibration signals
If the rationale of modal testing is correct it should be possible, under curtain 
conditions, to obtain measured signals from a structure, which contain components 
that are dominated - if not solely governed - by a single mode of vibration, i.e. a 
single component of sinusoidal motion. In this condition the structural response can 
be regarded as one that can be compared to a linear single-degree-of-freedom (sdof) 
system provided that the response is periodic and non-random. Appendix A gives the 
mathematical background to such a system where vibration energy is dissipated in the 
form of a viscous (velocity dependant) function - termed a 'visco-elastic' model. If a 
structure exhibits similar behavioural trends to the visco-elastic model, it should be 
possible to determine its dynamic characteristics from a correlation of measured and 
calculated response vibration signals.
This is the approach reported in numerous papers by researchers at BRE where the 
mathematical solution for a free oscillator (see Appendix A) has been used to 
determine damping and natural frequencies of structures from measured decay-of-
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vibration signals using a curve fitting approach. Osborne and Ellis (1990), Ellis 
(1994), and Ellis and Ji (1996) are examples where this approach has been shown to be 
very successful, where damping and natural frequencies were determined for various 
types of floor construction.
3.2.2.3 Natural frequency and damping from forced steady-state vibrations
The dynamic characteristics of a structure have also been determined from vibration 
response signals initiated using steady-state forcing devices, such as the electro- 
dynamic shaker (identified earlier). Adopting a similar approach as described above 
(i.e. the correlation of measured and calculated data) damping and natural frequency 
can be determined.
Imperial College London (ICL) have prepared a number of computer programs to 
determine these characteristics in this way and have been developed as a commercially 
available package for use with devices such as that mentioned above. This suite of 
software (called ICATS) was written by researchers at ICL under the directorship of 
Professor D. J. Ewins [the basis of which are discussed in Ewins (1986)].
BRE, on the other hand, [discussed by Jeary and Ellis (1981, 1983)] have developed 
software for use with their eccentric mass excitation equipment (described earlier). To 
determine the damping and natural frequency of a structure under test using this 
software, the steady-state vibration response [i.e. vibration amplitude against 
frequency - or Frequency Response Function (FRF)] is first recorded and later 
compared to the mathematical solution of a visco-elastic model. The results obtained 
from the completed test aim to provide damping results as a percentage of critical 
viscous damping (critical being 100%), and natural frequencies, which are both 
achieved from the correlation process.
3.2.3 Determining the dynamic characteristics of a structure from stationary 
random vibration response measurements
Random vibration is another source from which researchers have attempted to 
determine the dynamic characteristics of large structures. Examples were structural
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vibrations may be regarded as random are situations such as wind induced motion of a 
tall building, or the vibration of a bridge subject to non-periodic traffic loads. If the 
amplitude of motion under these conditions is small then it is likely that the response 
characteristics will be linear and the vibration can be regarded as a linear random 
process [Cao et al (1997)].
Due to the increasing interest in the measurement and determination of dynamic 
characteristics of large structures, over recent years a number of reports have been 
published that are based on the use of random response records. Littler and Ellis 
(1992) for example reported on a detailed study of a building at Hume Point (London 
Borough of Newham) using wind induced response data. Mazurek and DeWolf 
(1990) also reported on the use of random data to determine the damping and natural 
frequencies of a model road bridge. The tests were performed on a model scale to 
calibrate the results obtained from measurements taken from a full-scale bridge.
Jeary and Ellis (1983) pointed out that considerable care must be taken when 
interpreting the results from measurements obtained in this way as large errors can 
occur if the data itself in not correctly validated. However, these authors state that 
validation of the data is not always carried out and this can lead to misuse of random 
data. To clarify a number of instances where these errors could occur, a discussion has 
been included here to outline a number of aspects that should be considered when 
using this type of response data.
3.2.3.1 Establishing stationarity
As discussed by Jeary and Ellis (1981, 1983), Ellis and Littler (1988), Littler and Ellis 
(1990, 1992), Jeary (1992) and Cao et al (1995, 1997), the most important requirement 
of random data, if it is to be used to extract statistical information, is the need to 
ensure that the response data is "stationary" and that it possess characteristics that are 
representative of the structural response at any particular instance of time. Jeary 
(1992) described this as '... occurring when statistical quantities measured from a data 
set are invariant with the passage of time.'
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For the purposes of this discussion it is not intended to give detail of the means by 
which "stationarity" can be evaluated. This theory is explained in numerous texts such 
as the one by Newland (1993). It is therefore sufficient here to recognise that a 
stationary process, or a stationary signal, is that which contains statistical 
characteristics that reflect those of other similar processes, or signals. In this situation 
the more data obtained, and thus the more signals used to identify, say, the vibration 
response of a structure, the more likely it will be that stationarity could be identified 
from an average of collected data. Interpreted strictly in terms of the response of a 
structure to wind, for example, it can be deduced that a signal is only stationary if an 
ensemble average of many recorded signals show that these averages are independent 
of the passage of time, i.e. they contain repeatable statistical characteristics. Taking 
this one step further, if a signal that forms the ensemble average is found to completely 
represent the average as a whole, then the signal is said to be ergodic.
To define an ensemble average of random vibration signals as being perfectly 
stationary requires either an infinite number of finite length signals or a signal of 
infinite length. This is obviously not practical in real terms and it is only possible to 
express the quality of stationarity relative to a level usually defined as a 'level of 
confidence', which is based on the amount of data available to produce the ensemble 
average signal. Alternatively, if a limited amount of random data is available, it is 
possible to partition a single vibration signal into individual signals of similar length 
and ensemble the information to check for the presence of random trends. This 
method is referred to as the 'trend test' and was used by Cao et al (1997) to establish 
confidence levels in single random vibration signals of known stationary data taken 
from the Hume Point structure previously studied by Littler and Ellis (1992).
It is clear that the confidence level of stationarity is relative to the amount of vibration 
data collected from a structure, but it is also dependent on the assurance that the data 
collected relates to similar conditions of applied loading. Good examples where these 
aspects have been taken into account are given by a collection of reports that have 
been prepared on the Hume Point structures already identified in the previous 
discussion. These reports, written by Littler and Ellis (1988, 1990 & 1992) and Cao 
et al (1997), make comprehensive use of data collected from a 23 storey building. 
Initially, the authors point out that a total of five ensemble average signals were
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prepared using vibration signal taken from various wind speeds. The five ensemble 
averages therefore represented information that related to conditions when the wind 
direction was within certain radius segments of the building. These ensemble 
averages contained a minimum of fifty mutually exclusive records, each containing 
16384 data points, which represented 1024 seconds of vibration response. Based on 
this length of signal, each record was said to have a variance error of 14.1% and a 
bias error at the 'Half-Power Band width- (HPB)' point of 0.15%, both errors referring 
to the spectral content of the signals when analysed using FFT procedures. This data 
was also said to be stationary with the individual signals being taken from a larger 
sample comprising over 2250 hours of data, which offered a good representation of the 
structural response. The data was then used to extract the natural frequencies of the 
structure and damping ratios of each of the identified modes taking into account the 
accuracy available from the amount, length and sample size presented by the collected 
vibration response records.
The above discussion pointed out that bias and variance errors were defined as being 
dependent on the quality of the spectral content of the signal. To provide more detail 
as to the meaning and significance of these errors, a discussion on each has been 
included below.
3.2.3.2 'Bias'error
To assign a value of natural frequency or damping to a structure a clear definition of 
the peak structural response must be achieved. The FFT will provide the basis for this 
definition, but at response frequencies, where the amplitude is found to change 
rapidly, there is a distinct relationship between the response data requirement and the 
accuracy of the obtained results. This relationship is most critical at amplitudes close 
to, and coincident with, the resonance frequencies of a system as it is these parts that 
will most influence the interpretation of natural frequency and damping estimates of 
random signals.
This relationship is best known as the 'bias' error and represents the percentage 
deviation of the FRF from that of a response, which has perfectly captured the system 
characteristics.
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Bendat and Piersol (1980) showed one method of gauging this error where a Taylor 
series expansion was used to compare continuous data and discrete data points of a 
single FFT resonance amplitude peak. This expression was given as,
where (j,6 is the bias error, Be is the resolution of the captured response signal and Bn is 
the HPB of the a single resonance peak obtained from the signal using an FFT 
approach. The HPB is the width, in frequency units, of a spectral peak coincident with
—j= times the maximum amplitude of a single resonance peak about the resonance
V2
frequency. For lightly damped, visco-elastic systems this value was given in 
mathematical terms by Dimarogonas (1996) as,
(3.3)
where C, and o>n are the viscous damping ratio (expressed as a percentage of critical 
damping in decimal form) and natural frequency respectively of the «th mode. 
Therefore, a reduced bias error will in effect signify a greater accuracy in the 
estimation of damping properties reflected by the spectral content of a measured 
response signal.
3.2.3.3 Variance error
The variance error is a statistical quantity that indicates the deviation of a single 
vibration signal from the mean of many signals. In terms of vibration analysis, this 
can be interpreted as the correlation of a vibration response signal relative to the mean 
of many other similar signals and is expressed by summing the square of the deviation 
from the mean value. This error can be gauged from the square root of the reciprocal 
of the number of vibration signals averaged together, [McCormell (1996)], i.e.
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(3.4)
Nr
where (j.v is the variance error and Nr is the number of signals averaged to give the 
mean. Therefore, a mean signal compiled from 100 signals should ensure a variance 
error of no more than ± 10%.
3.2.4 Other methods of determining dynamic characteristics from random data
The above discussion has concentrated primarily on the use of random data to extract 
dynamic characteristics assuming (1) stationarity, and (2) sufficiency of data available 
to make statistically accurate estimations. If these conditions are not satisfied then the 
information obtained from the random data cannot be guaranteed.
In an attempt to remove the dependence on data volume and to provide a method that 
does not relate accuracy to the information, which can be extracted from spectral 
analysis techniques (such as the FFT), other methods of analysing response data have 
been examined.
3. 2.4.1 From non-stationary data
Jeary (1992), for example, proposed a method to obtain non-linear damping 
characteristics from non-stationary data using a technique call the 'random decrement' 
approach. The method itself was based on proposals originally offered by Cole 
(1968), which used a Laplace operator to simulate structural response as a non-linear 
viscous sdof model of several superimposed sinusoidal waves. The essence of the 
resulting equations used to extract the damping characteristics resemble a Fourier 
series, which was matched to the measured response via a least-squares fitting 
exercise. Data used to check the validity of the models were taken from vibration tests 
conducted on two full-scale building structures (the National Westminster Tower in 
London and a tower block at the University of Leicester). The author praised the 
method overall, but expressed frustration over the fact that many other response 
signals obtained from different structures, besides those identified above, could not be 
represented using the derived expressions. This was due primarily to a lack of
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comparison with the fundamental assumptions considered in the method formulation, 
i.e. decay of vibration not exhibiting exponential decay type behaviour.
3.2.4.2 Alternative spectral analysis techniques for use with stationary data
As an alternative to the FFT, which has a limited spectral resolution that depends on 
the amount of vibration data present in a response signal, other techniques such as the 
Auto-Regression (AR) and Auto-Regression Moving Average (ARMA) techniques, 
and the Maximum Entropy Method (MEM) have been considered.
Snaebjornsson et al (1996) for example used the AR and ARMA techniques to 
establish dynamic characteristics from single random vibration signals of 130 seconds 
in length. These signals were captured from a multi-storey building in Mexico and 
represented the motion of the structure in high wind. Each signal contained 26,000 
data points, obtained using a capture rate of 200Hz, but no comment or evidence was 
shown of these signals being checked for stationarity. Cao et al (1997) on the other 
hand, used the AR method and the MEM technique to compare their accuracy with 
other more conventional methods using data that was known to be stationary. In their 
study, the authors describe that the AR method aims to represent the vibration 
response with an expression of the form,
(3.5)
where at is white noise with zero mean variance, while a/ (/' = 1, 2, ..., »i) and the 
order of m are to be determined from a concept known as the maximum entropy of 
AR. The aim of the study was therefore to consider a range of AR models 
representing various values of m to find its optimum order. Invoking principles that 
were termed 'Final Prediction Error' (PFE), which depended on the amount of data 
points comprising a measured response signal, the authors showed that for the Hume 
Point structure (identified earlier) accurate FRFs could be identified from single 
signals containing 2048 data points using eqn.(3.5) with an order m of 27. However, 
this was found to be specific to the Hume Point structure only with other structures 
probably requiring a different order depending on the signal quality obtained. Other 
observations were also discussed, which related to signals containing larger data
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samples and the identification of minimum data sample size. However, the main 
conclusions drawn from the study was that dynamic characteristics obtained using this 
method were not as accurate as those determined with FFT-based analyses. This is 
primarily due to the signals being stationary with a high degree of confidence, which 
was a conclusion drawn from a previous study that had used a much larger quantity of 
data samples to confirm stationarity.
3.3 The Test Equipment and Methodologies used to Determine the Dynamic 
Characteristics of the Structures in the Present Work
3.3.1 Introduction
The above review of literature provides an indication of the type of test and the 
methods most often reported to determine the dynamic characteristics of natural 
frequency and damping of structures. For the purposes of the present study, where the 
aim is to establish the use of this information to detect damage in structures of varying 
size, it was decided to use well proven test equipment and methods in order to record 
structural vibration. This is to ensure that the subsequent dynamic characteristics, 
determined from the measured response signals, are interpreted with the knowledge 
that all data was collected with the same recording specification. Although the use of 
different testing methods may not have an influence on the results finally achieved, it 
is the candidate's opinion that standardisation of the test methodologies is important so 
that the possibility of discrepancies within data sets (due to instrumentation variations) 
are eliminated.
3.3.2 The test equipment
To satisfy the above, it was decided to use a single test-equipment set-up throughout 
the present studies. This set-up comprises the necessary instrumentation to (i) record 
free vibration response (e.g. induced by impact load) and (ii) measure the response of 
the structures to forced vibration events (using the eccentric-mass method). The 
equipment to be used had been developed by BRE, aspects of which have already been 
discussed in the literature review above. Figure 3.1 gives a schematic illustration of
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this equipment, which indicates (D the excitation device, © the signal acquisition and 
conditioning equipment, and ® the data storage and signal viewing facilities (any 
modifications to this set-up will be identified in the appropriate parts of subsequent 
chapters).
3.3.3 Instrumentation and equipment specifications
A specification of the equipment outlined in Figure 3.1 is included below for 
completeness.
3.3.3.1 Velocity transducers (geophones)
The velocity transducers (or geophones) to be used are manufactured by 'Geosource 
Exploration Products Division' and are of type 'SM-4' as defined in trade literature 
prepared by the manufacturer. The voltage output of the transducers is 28.8 
volts/m/second, which allows vibration velocity to be determined from a linear 
multiplication of this value, and represents motion along a single axis of the 
instrument. In terms of its physical size, the geophone measures 25.4mm in diameter 
with a height of 32mm, and is connected to an aluminium 'tripod like' base. This 
allows the transducer to be positioned vertically on the surface of the test structure 
with vibration being measured along the vertical axis of the geophone. Combined 
with an advantage of small (an overall weight of 132 grams excluding cables), the 
geophone is easy to move and convenient to install at any location in a structure 
(restricted only by its dimensions).
3.3.3.2 Acceleration transducers
The accelerometers to be used in the present work have an output of 2.5 volts/g (where 
g is acceleration due to gravity) with a range of ±2g. The sizes of the transducers are 
approximately 50mm in length and 25mm in width, and measure acceleration along 
the axis of the longest dimension. To locate each transducer, a 100mm steel cube is 
used that incorporates 'tripod like' steel feet, which ensures that the accelerometer rest 
securely on the surface of the structure under test. The accelerometers have no 
limitations with regard to the axis in which vibration motion can be measured, i.e.
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either vertical or horizontal, depending on the orientation to which the instrument is 
placed on the test structure.
3.3.3.3 Variable-frequency filter
The frequency filter to be used is manufactured by 'Kemo Limited' and has a trade 
name of VBF/8. This hardware has high pass and low pass filtering options and is 
also fitted with variable gain AC/DC input coupling. The frequency filtering ability 
encompasses a wide range from O.OlHz to 100kHz with a peak filter resolution of 
O.OlHz between O.lHz and lOHz. A signal amplification facility is also available with 
this device, which can be used to magnify the voltage from transducers (up to a 
maximum of 16 channels) by up to ten times. Standard mains supply (110 or 240 
volts) is used to power the filter, which has overall dimensions of approximately 
300mm high x 500mm wide x 300mm deep.
3.3.3.4 Analogue to digital converter
To convert the signal from the velocity and acceleration transducers, the output signal 
from which a voltage pulse is comprised, an Analogue to Digital Converter (ADC) 
needs to be used. The ADC that will be used in the present work is manufactured by 
'Cambridge Electronic Design Ltd' and has a trade name of 'CED I40lplus\ This 
unit can accommodate up to 16 analogue input (range ±10 volts) and 8 digital output 
channels and has an on-board microprocessor (32-bit running at a clock-speed of 
20MHz) for fast ADC. To power this hardware a standard mains supply can be used, 
while its overall dimensions are approximately 400mm wide x 90mm high x 400mm 
deep.
3.3.3.5 Stepper drive and variable speed drive motor
Depending on the size of the structure to be tested, BRE have a range of excitation 
devices (based on the eccentric mass principles), which in turn have a range of drive 
motors of varying capacity for use with the above devices. Although a range of these 
exciters will be used in the present study, detail regarding the smallest device is 
described (i.e. used in connection with tests performed on the floor slab panels -
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chapter 7). The specification given here is therefore typical of the equipment 
comprising the full range of mechanical exciters developed at BRE.
The stepper drive is manufactured by 'Parker Ltd' and has a trade name of 'CD35' and 
is to be used in conjunction with a variable speed motor to drive the eccentric mass 
excitation devices. With a resolution of 200 steps per 1 Hz, this stepper drive will 
allow forced-vibration frequencies with an accuracy of O.OOSHz to be applied to the 
structures. Linked to the variable speed motor, which will in turn be connected to the 
eccentric mass device via a steel drive shaft, the combination of drive motor and 
stepper unit will be used to induce sinusoidal steady-state motion.
3.3.3.6 The mechanical eccentric mass device
A range of the mechanical exciters has been made by BRE, each of which relies 
essentially on the same principles. These principles, which describe how the dynamic 
excitation-force is generated, have been presented in section 3.2.1.4 and thus will not 
be repeated here.
3.3.3.7 The portable computer and data storage
The portable computer, as incorporated in the equipment set-up of Figure 3.1, is the 
main storage and analysis device, recording the digital output produced from the ADC. 
Having a 486 DX 33MHz microprocessor, the computer is fitted with data acquisition 
hardware that allows digital information to be stored on a hard disk for processing. 
The data stored by the computer is not continuous, but will be composed of discrete 
data points, the number of which is governed by parameters chosen by the operator. 
For the most part, the number of data points stored on the computer will be relative to 
the time period over which signals from the transducers are required. In addition, a 
'rate of data capture' is specified that designated the time interval at which the 
computer stores vibration response data. Therefore, an example of the amount of data 
that will be collected could be:
• total time for data capture = 8 seconds
• rate of data capture = 1000 Hz
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for which the computer would store 8000 data points, each representing the response 
of the structure under test at time intervals of 0.001 seconds.
3.3.4 Methodologies to be used to determine the dynamic characteristics from the 
measured vibration response signals
The methodologies for the determination of structural dynamic characteristics from 
measured vibration signals will be based on a suite of computer programs prepared by 
BRE. To give a cursory overview of the functions of these programs, the following 
narrative identifies the dynamic characteristics that will be determined in the present 
work.
3.3.4.1 Determining the natural frequency with an Fast Fourier Transform (FFT) 
method
The basis principles on which the FFT technique is based have been described in 
section 3.2.2.1.
3.3.4.2 Determining the natural frequency and damping from measured decay-of- 
vibration response signals
Publication prepared by BRE (cited in section 3.2.2.2) have shown that the visco- 
elastic model can simulate accurately the behaviour of tall buildings, concrete floors 
and concrete panels. Relying on this experience, all damping properties determined in 
this work assume that the vibration behaviour of the structures complies with the 
rationale of model testing (Appendix A) and that the damping properties of the natural 
modes are viscous (visco-elastic model).
To measure the decay-of-vibration of the structure under test, the study will consider
two approaches:
(i) Inducing a condition of steady state vibration with the eccentric mass device can 
generate a decay-of-vibration signal. The approach involves three basic steps (a) 
vibrate the structure at its natural frequency, (b) switch off the excitation source
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(i.e. by switching of the drive motor), and (c) record the ensuing decay response 
of the structure commencing at the point when (b) is performed, 
(ii) The vibration caused by impact loads is also a condition where single mode 
vibration may occur. Therefore, to add to the information that is obtained from 
(i) above, the decay-of-vibration that occurs subsequent to an impact load event 
will also be considered. (This method is applicable only to the studies that will 
be conducted on the composite slab panels).
Then, to calculate the damping and natural frequency for the measured decay-of- 
vibration signals, eqn.(A.13) will be used (as presented in Appendix A). A designated 
computer program (prepared by BRE) will be implemented to obtain the dynamic 
behaviour, which are characterised from a correlation of the aforementioned equation 
and the recorded vibration data.
3.3.4.3 Determining natural frequency and damping from Frequency Response 
Functions (FRFs)
The natural frequency and damping will also be determined using frequency response 
information, i.e. the displacement behaviour of the structure relative to a range of 
vibration frequencies that include the natural frequency of the structure under test. 
The name given to this test will be termed the 'frequency sweep' and will make use of 
the eccentric mass device to generate the required vibration forces.
The procedure to be followed when carrying out this test is defined by the operations 
performed by a 'task-specific' computer program (by BRE) that records and analyses 
all response data. The basic procedure and the task performed during the test can be 
itemised with the following points: 
(i) Operator - To commence the tests, vibrate the structure at a pre-determined
frequency until a steady-state motion is achieved and record the vibration
response (either acceleration or velocity), 
(ii) Computer - Integrate the recorded signal, which is captured by the computer
over a set 4 seconds period, and calculate the peak displacement from an average
of 5 response signals.
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(iii) Operator - Increase the excitation frequency taking care to ensure that the 
interval of its change is sufficiently small to allow a detailed FRF to be obtained. 
If the chosen interval is too large, especially close to the natural frequency, the 
peak amplitude at resonance may not be captured accurately.
Items (i) to (iii) are repeated until a full FRF is obtained, which for a single mode of a 
viscously damped structures should contain a dominant resonant peak. Finally, to 
determine the natural frequency and damping, the computer program correlates the 
stored peak displacement data with the steady-state solution to the visco-elastic model 
[eqn.(A.S) - Appendix A] until a best-fit is obtained. The latter is fulfilled using a 
least-squares procedure, and is displayed visually on the computer screen allowing the 
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CHAPTER 4
The Comparison of Calculated and Measured Natural Frequencies of a Full- 
Scale Building
4.1 Introduction and Aim
To commence the examination of structural complexity versus damage detection a 
study was undertaken to identify the accuracy to which a number of traditional 
analytical methods could be used to predict the natural frequencies of a full-scale 
building. The building considered for the study is an eight-storey steel-framed 
structure, which was constructed wholly for the purposes of building research and has 
been used for numerous comprehensive studies that aim to contribute to a better 
understanding of real structural behaviour. Although a similar study has been 
published by Ellis and Ji (1996) - from which the measured data of the steel framed 
building has been obtained - this chapter considers in detail the accuracy to which 
analytical models can predict the frequencies of the frame for use with the damage 
detection methodologies. More emphasis is therefore placed on the whole-frame 
stiffness variation of the building, which is an area not discussed in the work of the 
aforementioned authors.
To enable a comprehensive appraisal, this chapter examines two analytical methods, 
(i) a full Finite Element (FE) analysis, and (ii) a simplified condensed frame model. 
This will be done to verify their ability to predict the natural frequencies and mode 
shapes of the steel-framed building at various phases of its construction. If damage is 
considered to be a process that affects structural stiffness then, for the purposes of this 
study, construction could be contrasted to a form of reverse damage.
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4.2 Comparing Analytically Predicted and Measured Dynamic 
Characteristics
To give an overview of other similar studies, this section discusses a number of reports 
that have been prepared from work carried out to examine the dynamic performance of 
tall buildings. The discussion considers reports that were compiled to compare 
measured and calculated characteristics, but also deals with publications that have 
dealt with theoretical models proposed to offer convenient estimates of real structural 
behaviour.
4.2.1 Simple empirical formulae
Ellis (1980) demonstrated the difficulties encountered when attempting to calculate 
natural frequencies of full-scale structures with a study that sought to compare the 
measured and calculated values of 17 buildings. The main conclusion to emerge from 
this report was that predictions based on principles from classical vibration analysis 
were found to provide unreliable results. Consequently, this prompted the author to 
identify an empirical 'best-fit' relationship that could be used to predict the 
fundamental natural frequency of other similar buildings. This was achieved using 
measured frequencies from 163 buildings based on publications prepared by various 
authors. Using this formula, the author noted that a more reliable prediction could be 
achieved, which offered an approximate estimate of the whole-frame fundamental- 
sway natural frequency, which can be applied to other similar tall buildings. The 
relationship proposed is simple and convenient to use, as follows,
where/and H are the fundamental natural frequency in Hz and height of the building 
in metres respectively, having an 88% correlation with the measured data from the 163 
buildings. Jeary and Ellis (1983) later proposed additional similar predictors to 
calculate higher whole-frame sway and torsion modes given by,
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respectively. However, the authors point out that the formulae are only quick fit 
solutions where mode shape characteristics are neglected.
4.2.2 Frame analysis by continuum element modelling
To obtain a model that could provide natural frequency and mode shape information 
Chajes et al (1993, 1996) used strain energy principles to formulate a continuum 
model that included bending, shear and axial degrees-of-freedom (dofs). The authors 
described the continuum as a series of 'cells' formulated to condense the 
characteristics of a building into individual single representative elements. The 
elements comprised nine dofs, which aimed to capture the stiffness and mass of 
successive storeys of a building frame. A comparative study with measured dynamic 
characteristics of a building was then made relating to the fundamental whole-frame 
sway frequencies of a 47-storey building. The measured frequencies were obtained 
from power spectral density functions of acceleration-time history recordings using 
FFT analysis. The authors reported good agreement between the calculated and 
measured results showing tolerances of within + 10%.
Takabatake (1996) offered an alternative to this approach suggesting that the column 
layout of a tall building frame could be visualised as a collection of concentric 'tubes'. 
The formulation was again referred to as a continuum model where each storey of the 
building was represented by single elements each comprising bending, shear and 
torsion characteristics. The above author showed that a good natural frequency 
correlation with results obtained from other analytical methods could be achieved. 
However, apart from comparisons with other numerical analysis, the author did not 
offer any indication of its accuracy in relation to measured characteristics.
Luz et al (1981, 1989, 1990, 1991), Hefei and Luz (1986) and Hampe and Schwarz 
(1994) developed a continuum model with horizontal displacement and torsion
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capabilities. The philosophy adopted by these authors was to prepare a formulation 
that 'mapped' the characteristics of a structure onto a single continuum element. The 
difference between this approach and the previously discussed continuum models was 
that the entire structure was represented by a single element avoiding discrete floor by 
floor properties. The formulated equation of motion was solved using a 'Ritz 
procedure' allowing frequencies and mode shapes to be calculated. Comparative 
studies between calculated and measured natural frequencies were also carried out by 
Luz (1992) using a 12-storey concrete framed building at the University of Stuttgart 
together with a 35 metre high church tower and a 45m long steel girder bridge. In all 
cases the author claimed good correlation, which was achieved after calibration with 
structure variables such as material properties and support conditions. However, no 
specific data regarding this calibration process was given making it difficult to identify 
the main causes of the original discrepancies.
4.2.3 Frame analysis by sub-structure modelling
Sub-structuring has its roots in classical theories of the FE method. The basic 
principle of sub-structuring, which is formulated from original theories of FE, is to 
reduce the size and numerical content of a large problem to one that can be solved 
with significantly smaller computational effort. To achieve this, a process of nodal 
condensation is undertaken that reduces the total number of structural dofs of an 
original problem, yet at the same time retaining all the characteristics as if the 
condensed dofs still remained. The condensed dofs are usually termed the 'slaves', 
while the remaining dofs, called the 'masters', are modified to include the properties 
of the slave dofs. The result is a computationally efficient solution that can be used to 
obtain accurate calculations of the behaviour of framed structures that encapsulate the 
characteristics offered by the FE formulation.
Sub-structuring has been covered in many texts on the subject of FE analysis, an 
example being Zienkiewicz (1977), and as such will not be treated in any great detail 
here. However, proposals to increase the efficiency of the method was given by 
Leung and Cheung (1980, 1981) where a method called the 'second-level finite 
element' analysis was proposed. As these authors point out, the original sub-
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structuring procedures require a significant amount of matrix inversion calculations, 
which can place a significant demand on computational effort even when fast 
computer processing is involved. Their proposal, therefore, was to remove the 
dependency on such inverse operations and to use a technique that introduced a 
transformation approach that effectively reduced an original problem size by a system 
of association. This method was applied to solve natural frequencies of large frames, 
which gave results that matched the solution given by its full FE model counterpart, 
yet required no matrix inverse operations normally required with the sub-structuring 
approach. However, no comparison with measured frequency values was given.
4.2.4 Frame analysis using the 'Grinter substitute frame'
Roberts and Wood (1981a & b) reported on a method called the 'Grinter substitute 
frame', which was used to predict the whole-frame behaviour of tall building subjected 
to static load conditions. The method itself has been published in numerous reports, 
such as Wood (1974a, b & c) and Wood and Roberts (1975), where it was used to 
predict the non-time dependant sway deflection of steel framed buildings subjected to 
wind loading. Roberts and Wood (1981a) and Williams et al (1983) then considered 
its use to calculate the natural frequencies of similar framed structures. It is with this 
regard that the popularity and appeal of this method has grown, and was shown by 
Howson (1979, 1985) and Howson and Williams (1985) to offer quick results by 
computer when compared to more laborious processing of a full frame analysis. 
However, these latter reports did not offer any indication of comparative studies with 
measured results, concentrating primarily on its formulation for computer 
programming.
4.2.5 Frame analysis by full FE analysis
All the analytical methods identified above aim to reduce the computational effort and 
time required calculating the natural frequencies of a building. However, given the 
available power of modern day computers and the speed at which these machines can 
provide solutions to even the largest of problems, practitioners usually turn to the FE 
method, in its original form, to obtain results. The results of such analyses are
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regularly used to indicate the expected natural frequencies of structures, yet there is 
often no evidence to suggest that the predicted results are representative of the real 
behaviour. Wise et al (1996), for example, calculated natural frequencies of a multi­ 
storey framed structure in Germany quoting calculated whole-frame sway motion 
values to three decimal places. However, no comparison was made to the real 
behaviour, casting question over the accuracy of such predictions.
Ellis and Ji (1996) undertook a study to compare measured and calculated natural 
frequencies of the eight-storey steel-framed structure also considered in this chapter, 
simulating every element within the frame of the building using a FE model. To 
ensure a rigorous assessment of the predictive accuracy of the model, various 
construction phases were considered. Focussing on the lower natural frequencies of 
the fundamental sway and torsion vibration modes, measurements of natural frequency 
were recorded for five-construction phases, with mode shape data being captured at 
each phase.
The FE model used for comparison with the measurements varied in complexity 
depending on the construction phase being considered, which for the final phase was 
the completed building comprising:
• 1374 three-dimensional thick beam elements, 
128 three-dimensional bar elements,
• 318 three-dimensional thin shell elements,
• 126 space membrane elements.
The final model was therefore defined geometrically by 764 node points, forming the 
connectivity points for the FE elements, having an overall total of more than 4,500 
dofs. The mass of the structure was also modelled to match the observed distribution 
of weight throughout the building, which simulated sandbags that had been positioned 
on each floor to represent the service load of the building when in use.
Using measured frequencies obtained from records of ambient and forced vibration 
response, a comparison with the calculations showed that on average the FE analysis 
miscalculated the natural frequencies by up to ±20%.
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4.2.6 Discussion on review
The review has given a cursory overview of numerical methods that can be used to 
calculate the natural frequencies of multi-storey framed buildings. These methods are 
computationally efficient, which is a facet that is expressed by the authors of the 
methods included in the above discussions. However, no matter how rigorous the 
analytical assumptions, real proof of accuracy can only be gauged if the measured 
response of the structure is available.
4.3 Construction Data of the Eight-Storey Steel-Framed Building
To understand the problems that can be encountered when attempting to calculate the 
natural frequencies of full-scale buildings for use with the damage detection 
methodology, a study was undertaken that compared the results obtained from two 
analytical methods to measurements taken from a full-scale building. The building 
used for the study is a structure located at the Building Research Establishment's 
Cardington laboratories.
4.3.1 The building construction
The building itself has an overall size of 21m (North - South [NS]) by 45m (East - 
West [EW]) on plan with an overall height of 33.5m measured from the surface of the 
laboratory floor to the finished level of the upper-most floor. Comprising a total of 
eight-storeys, the construction of the building is dominated by steel framing with in- 
situ concrete floors placed at each of the floor levels. The foundation of the building 
is a reinforced concrete slab structure that has an overall thickness of approximately 
1m, which also forms the strong floor to the laboratory, and was especially constructed 
to support large structures for testing.
The precise construction details of the building have been given by Bravery (1993). 
However, important aspects relating to the building, which will have an influence on
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the analytical assumptions, are outlined below. Other important information is 
included in Appendix B.
4.3.1.1 Stability
The building frame was designed as a 'no-sway' structure with a braced lift-shaft and 
two braced stair-cases located within the building. The location of these braced 
regions gives the building its global stability, which was designed to resist horizontal 
loads that may be applied to the structure as a result of wind or construction forces.
4.3.1.2 Beams and columns
The frame of the building comprises structural beams and columns made from 
structural steel universal sections of type and size stipulated by BS4: Part 1 (1993). 
These elements form the main load bearing members of the building and were 
designed assuming continuous columns and simply supported beams. To produce 
continuity of the columns throughout the entire height of the building, substantial 
connections were incorporated at the splice positions, while beam to column 
connections are simple 'cleat' type plates designed primarily to transfer shear only.
The layout of the building follows a convenient grid pattern that is formed primarily 
by the location of the column members. These columns, which are of 'H' cross- 
section type, have their stronger axis of bending orientated to coincide with the EW 
axis of the building offering greater stiffness to motion than in the NS direction. Main 
load bearing beams then span between these columns to form a grid coincident with 
the principal axes of the columns.
4.3.1.3 The floor construction
The concrete floor system, which in the scheme of the overall construction was placed 
after the completion of the building frame, is of a type produced from profiled steel 
deck units with an in-situ concrete layer. The usual approach to its placing is to first 
fix the steel profiles to the beams of the frame and later add the concrete layer to
64
The Comparison of Calculated and Measured Natural Frequencies ,.. Chapter 4
provide a continuous floor element. Before concreting, steel stud pins are positioned 
at regular intervals over the length of each beam so that when the floor is complete the 
steel profile, in-situ concrete and steel beams are all physically connected. This 
system is often referred to as 'composite construction' where the final floor can be 
regarded as a single element that combines the properties of both the steel beams and 
the hardened concrete floor. A wire mesh was placed within the top surface of the 
concrete, which helps distribute lateral loads as well as control crack development of 
the concrete during its hydration process.
4.3.1.4 The in-fill panel walls
To enclose the space formed by each floor, block work panel walls were installed 
around the perimeter of the building. On the east and west faces of the building, these 
panel walls completely enclosed the space between the floors and columns of each 
storey. On the north and south elevations these walls were also constructed at each 
floor level, yet their height was shorter at 900mm.
4.3.2 The construction phases
To facilitate a rigorous assessment of the natural frequencies of the building, this study 
considered the measured results of four separate construction phases, which relate to 
similar phases described by Ellis and Ji (1996).
Construction phase 1:
Phase 1 represented a point when the entire steel frame comprising steel beams, 
columns and bracing was complete and the steel deck units that form the support for 
concrete placing were in position. At this stage, the steel deck units, which were 
produced by Precision Metal Forming (PMF) and are 0.9mm in thickness, were 
fastened to the beams of the frame by welding. These welds are common to this floor 
system and are usually incorporated as part of the steel shear stud assembly, which are 
used to provide the composite action of the completed floor. In this condition, the 
stiffness of the building as a whole is dependent on the properties of the columns and
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the bracing configuration. Therefore, with the stiffer axis of the columns being in the 
EW axis of the frame, the NS direction will offer greater resistance to sway motion.
Construction phase 2:
At phase 2, the construction of all floors had been complete with each comprising of 
steel deck units, steel shear studs, reinforcing mesh and a lightweight concrete layer. 
The overall thickness of each finished floor was 130mm having a profiled cross- 
section with orthotropic stiffness properties. The out-of-plane bending stiffness of the 
orthotropic floor has its larger stiffness about the EW axis of the building, which in 
terms of the whole frame properties of the building will offer greater stiffness to 
motion in the NS direction.
Construction phase 3:
At phase 3, the perimeter block-work walls had been installed at each storey on the 
north, south, east and west faces of the building. This arrangement added further 
stiffness to the building along the EW and NS axes, further increasing the sway 
motion resistance of the overall frame in these directions.
Construction phase 4:
At the fourth and final phase the building was complete, with sandbag weights added 
to simulate the effect of service load on the building as if it were in use. Uniformly 
distributed over the area of the seven floors, the weight of the sandbags were 1100kg, 
with each occupying a space on plan of approximately 1.5m square. In total, 208 such 
sandbags were positioned on floors 1, 2, 3, 4, 6, and 7, while 169 bags were installed 
on floor 8. Floor 5 was left empty.
4.4 Dynamic Characteristics of the Steel-Framed Building from Measured 
Response and 'As-constructed' Information
The measured frequency results given by Ellis and Ji (1996) focus on the sway and 
torsion modes of the whole-frame and were obtained from a combination of forced and 
ambient response records.
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4.4.1 The natural frequencies from ambient vibration response measurements
To measure the natural frequencies of the building, Ellis and Ji (1996) used the signal 
conditioning and data storage equipment as outlined in chapter 3. A laser 
interferometer provided a convenient means to capture the velocity response of the 
structure caused by air movements in the laboratory. Using a capture rate of 200Hz, a 
series of signals were recorded and stored that represented 409.6 seconds of structural 
vibration. Based on this combination of capture rate and record length the autospectra 
of the measured signals, which was obtained from a fast Fourier transform of the 
signals (resolution of 0.002Hz), it was possible to quote natural frequencies to two 
decimal places.
Table 4.1 shows the results, where the abbreviations used relate to the sway modes of 
the building along its EW and NS axes, while the rotation mode of the structure is 
referenced by the symbol 9. The number shown along side each of these references, 
for both sway motion and torsion, represent the mode order corresponding to the 
natural frequency values.
4.4.2 Natural frequency and damping from forced vibration tests at construction 
phase 4
The forced vibration tests were used to generate structural response records of the 
steel-framed building for use with frequency sweep and decay-of-vibration 
investigations (see chapter 3). To vibrate the building in the desired modes a total of 
four exciters were used, which were positioned on the top floor of structure. 
Recordings of acceleration then formed the basis of the signals used to identify the 
natural frequencies and damping characteristics, as well as their amplitude 
dependence. Tables 4.2 and 4.3 present the information acquired, which is all the 
available information obtained from these tests.
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Table 4.2-Natural frequencies and damping characteristics of the building at 





Viscous damping (expressed 













An illustration of the assumed building motion, corresponding to each of these 
measurements, is shown in Figure 4.1.
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North - South Mode 1 North - South Mode 2
Figure4.1-Idealised mode shapes of the eight-storey steel-frames building 
corresponding to the values shown in Table 4.1
69
The Comparison of Calculated and Measured Natural Frequencies ... Chapter 4
Table 4.3 - Amplitude dependence of natural frequency and damping of the building 
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4.4.3 Measured mode shapes of the building at construction phase 4
Mode shapes of the structure at construction phase 4 were recorded using the forced 
vibration equipment. The procedure adopted to achieve this information involved the 
use of two accelerometers, one to record the response at various locations throughout 
the structure, which was then related to a reference signal measured from a second 
accelerometer maintained at a constant location. The results from these tests are 
shown schematically by Figure 4.2, which offers the most convenient means of 
presenting such information.
EW1 NS1 61 EW2
GENERALISED PLAN VIEW ON BUILDING
Figure 4.2 - Mode shapes of the steel-framed building at construction phase 4
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4.4.4 The calculated mass of the building
Table 4.4, which is based on information given by Bravery (1993) present the 
calculated weight of the building at each storey. These storey mass calculations 
carried out using material weights for lightweight concrete, steel and masonry of 1.9 
tonne/m3, 7.85 tonne/m3 and 1.9 tonne/m3 respectively.
Table 4.4 - Calculated weight of the building at each construction phase using the 












































































(All weights are quoted in tonnes and storey level 8 represents the upper most 
floor of the building).
4.4.5 Calculated whole frame modal stiffness change at each construction phase
The measured frequencies and calculated masses provide sufficient information to 
allow the stiffness variation of the structure to be identified for each of the 
construction phases. To do this, a simple expression will be introduced that describes 
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where con is the natural frequency, Kn is the modal stiffness and mn is the modal mass 
of the structure corresponding to mode n (n = 1, 2, 3, ...). To implement the above 
expression here, assumptions regarding the interpretation of these terms must first be 
introduced. Assuming that Kn and mn relate directly to the modal stiffness and modal 
mass of the frame as a whole respectively, it should be possible to gain a quantitative 
estimate of their change based on the information that is available. Therefore, if the 
total mass of the building at each construction phase was indicative of its modal mass, 
i.e. the ratio of change of mass at each phase has a similar ratio change as the modal 
mass, the ratio of stiffness change can be calculated. The expression used for this 
calculation is a simple manipulation of eqn.(4.4) and can be written as,
(4.5)<°j m j
where *F is the ratio change of modal stiffness, and thus overall stiffness, in relation to 
the measured frequency "co" and the calculated total mass of the building "m" from 
construction phase i toy. Therefore, if the mass of the building can be calculated from 
its constituent parts and their properties at each construction phase, the modal mass 
and modal stiffness ratio changes can be found (assuming that "co" is available). This 
information is presented in Table 4.5, which gives the relative whole-frame stiffness 
for each construction phase.
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Table 4.5 - Whole building stiffness change at each construction phase from measured 
























































































































































































































































("-" Indicates that measured frequencies was not available for calculation).
General observations:
(i) Construction phase 1 to 2: The completion of the composite floor slab 
throughout the building at phase 2 effectively increased the stiffness of the 
whole-frame in each axis by an approximately equal amount. In percentage 
terms this increase is approximately 90 - 100%, calculated relative to the 
properties of the frame at phase 1, and is consistent for the EW1, NS1 and 01
modes.
(ii) Construction phase 2 to 3: Installation of the block-work walls around the 
perimeter of each floor has a marked affect on the NS and EW sway, and the 
torsion behaviour of the frame. This observation reinforces the argument that in­ 
fill block-work walls offer additional stiffness to a building, which is confirmed
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by the work of Smith (1963). The effect is more pronounced for the NS sway 
and the torsion behaviour, where the panel walls installed on the east and west 
elevations of the building effectively enclose the space between the beams and 
columns of the frame. The result was an increase to the whole-frame stiffness 
between construction phase 2 and 3 in the NS direction by approximately ISO- 
190% (Ta « 2.8), which is reflected in the calculations of both NS1 and NS2. 
Similarly, the torsion stiffness changes significantly between these phases, but 
the increase is larger at almost 290% OFa » 3.9). The whole frame stiffness in 
the EW direction also changes but is much smaller at approximately 20 to 35% 
(Ta ~ 1-2, % * 1.35 respectively), which is consistent for both the EW1 and 
EW2 calculations. These changes clearly demonstrate the different stiffening 
effects of the block-work walls on the north and south elevations of the building, 
(iii) Construction phase 3 to 4: The addition of the sandbag loading is the only 
difference between construction phase 3 and 4. However, the calculations 
presented in Table 4.4 suggest that the added mass effectively increased the EW 
sway stiffness by approximately 20 - 25% Q¥a « 1.24) while reducing the NS 
and torsion stiffness by 20% and 12% OP, ~ 0.8, *Fa * 0.88) respectively. This is 
an interesting observation as the calculations appear to advocate that the 
substantial building weight increase has the effect of 'shifting' stiffness from one 
axis to the other, i.e. the total increase in EW stiffness is proportional to the 
reduction in the NS and 0 modes.
4.5 The Analytical Models
Two analytical models were used to calculate the natural frequencies of the steel- 
framed building for comparison with the measured information. Categorised as (1) 
full FE analysis, and (2) the Grinter substitute frame method, this section gives detail 
relating to the assumptions taken into account during the preparation of both models.
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4.5.1 The full FE analysis
The main assumption inherent in all FE analytical work is that an adequate 
representation of a structure can be achieved from a collection of mathematical 
functions, which are formulated to embody the main characteristics and behaviour of 
elements comprising the structure when subjected to load. Most modern applications 
of this technique are carried out using computer programs that have been written to 
offer the user a comprehensive library of such functions that can be assembled to 
reflect the geometry, properties and fundamental features of the structure being 
modelled. The eight-storey steel-framed building was modelled in this way using a 
computer program produced by Oasys, which is a subsidiary company of consulting 
engineers Ove Arup and Partners. The product name of the program used, which is a 
commercially available program, is GSA and is an acronym for 'General Structural 
Analysis'. With this program a total of four models were prepared, each incorporating 
a range of finite elements to simulate the building at the various construction phases 
identified previously.
Construction phase 1:
To form the geometry of the frame, which would also allow the incorporation of 
additional features present in other construction phases, a total of 764 nodes were 
identified. This number of nodes matched those of the model prepared by Ellis and Ji 
(1996), which represents the main joint positions of the structural parts of the building. 
Beam, column and bracing members were then introduced to these nodes using 
classical three-dimensional beam type elements. With regard to the boundary 
conditions assumed for these members, all beam and bracing members were modelled 
assuming 'pin' type connections at their ends, while the columns were assumed to be 
continuous over their entire length.
To model the properties of the steel decking units at each floor of the building, 
orthotropic shell elements were introduced to represent the slab grid. The section 
properties assigned to these shell elements simulated the characteristics of the profiled 
steel deck units with the stiffer axis being orientated in the north-south direction of the 
building.
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Construction phase 2:
To represent construction phase 2, the model was adjusted to include the properties of 
the concrete slab. This was achieved in a similar way as explained above, where the 
properties of the shell elements were assigned values appropriate to the orthotropic 
nature of the complete slab system. The completed model then comprised beam, 
column and bracing, as defined for phase 1, with the slab being modelled as a 
continuous series of shell elements covering the entire area of each floor. To ensure 
that the slab model reflected the substantial in-plane stiffness of each floor, isotropic 
membrane elements was added to the model and assigned a thickness coincident with 
the average dimensions of the concrete deck. The mass properties of these elements 
were then nullified so as not to duplicate the weight of the concrete floor already 
incorporated in the shell properties.
Construction phase 3:
The masonry panels installed around the perimeter of the building, for construction 
phase 3, were modelled using isotropic membrane elements. On the east and west 
faces of the frame, the connectivity of these elements were assigned relative to the 
beam / column joints of the frame, which in turn is a representation assuming a 
'perfect' interaction of the frame and the panel block-work at these locations.
Construction phase 4:
Finally, to represent phase 4, the mass of the sandbags was incorporated assuming a 
uniformly distributed mass, which was assigned relative to the number installed on 
each floor.
4.5.1.1 Tabulated properties of the FE models
The properties of the completed FE models are presented in Table 4.6. To aid the 
interpretation of these properties it should be noted that the model was geometrically 
set out assuming that the east-west axis of the building being orientated along the x- 
axis of the model, with the north-south and vertical axes coinciding with the y and z 
axes respectively. This referencing system can be referred to as the 'global co­ 
ordinate system'
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Abbreviations:
Rx, Ry and Rz are rotational degree-of-freedom characteristics,
Dx, Dy and Dz are displacement degree-of-freedom characteristics.
4.5.2 The Grinter substitute frame
The FE method offers a comprehensive solution to this particular problem, but its 
drawback is that data preparation is substantial. If only natural frequencies are 
required, this task can very quickly become excessively onerous. In such cases a 
feasible alternative is to use an 'approximate' whole-frame technique, which can offer 
solutions to a reasonable degree of accuracy when compared to results gained using 
more complex analysis such as the FE method. Roberts and Wood (198la & b) and 
Williams et al (1983) reported on the Grinter substitute frame, which is one such 
approximate method as introduced in the review of literature discussed earlier in this 
chapter. Despite the attention given by these authors to the calculation of natural 
frequencies of plane frame structures, the candidate is not aware of any previous 
application to three-dimensional frames, although the extension is straightforward.
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4.5.2.1 Fundamental assumptions relating to the eight-storey steel-framed building
It is assumed, in the first instance, that the frame motion during sway vibration is
uniform in a direction parallel to the EW or NS axis of the building. The other
primary assumptions are:
(i) The axial deformation of column members is ignored, as the vertical 
displacement of the frame during whole-frame sway motion is considered 
negligible in relation to any horizontal movement.
(ii) Rotations at the beam and column connections throughout each storey are 
assumed to be approximately equal, which is applicable to any level of the 
frame, i.e. as sway of the frame occurs, the displacements and rotations at the 
joints of individual floors are numerically identical.
(iii) Each beam within the building frame has a column member at both of its ends.
(iv) The motion of the building, corresponding to the calculated natural frequencies, 
is dominated primarily by whole-frame sway behaviour and possible coupling 
effect between sway and torsion modes is weak.
(v) The beams to column joints of the frame are assumed to be rigid. For vibration 
analysis this approach is justified as Wyatt (1989) reports that "... structural 
continuity under dynamic motion has the effect that column stiffness commonly 
contributes significant end restraint, even when the beam connections are of a 
form that would normally be regarded as permitting rotation."
(vi) The in-plane stiffness of each floor is large relative to its out-of-plane stiffness 
and no relative movement between columns will occur. During sway motion it 
is therefore assumed that the displacement of each column will be numerically 
similar.
(vii) The mass of the building at each storey level can be represented as a lumped 
mass at a single location. This allows a convenient representation of structural 
mass and is ideal for calculations that aim to identify whole-frame sway 
characteristics only.
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4. 5. 2. 2 Condensing the three-dimensional frame into a plane frame form
The first step is to condense the three-dimensional frame into a model that is 
sufficiently simple to facilitate manipulation, but is capable of yielding accurate 
results. Initially, any columns or beams that lie off-grid are 'relocated' to the nearest 
on-grid location. Next, the regular three-dimensional frame is condensed into an 
equivalent two-dimensional frame lying parallel to the EW (or NS) axis depending on 
the sway mode being considered. Therefore, the plane frame column stiffness at a 
typical storey level can be calculated from:
^(Stiffness of column Ai\ + Stiffness of column Ai2 + ... + Stiffness of column Ain)
(4.4)
where A and n relate to the grid line referencing system, and i is the storey level at 
which the column section properties are being calculated. In a similar fashion, the 
beam stiffness is obtained from,
(Bending stiffness of beam Ai\-Bi\ + Bending stiffness of beam ̂ 4/2-5/2 + ...
... + Bending stiffness of beamAin-Bin)
(4.5)
where A-B relates to a beam bounded by two columns. The composite nature of the 
floor slab is included in the bending stiffness calculations at the appropriate 
construction phases. Beams and in-fill walls that are perpendicular to the axis being 
considered are included as structural mass only, i.e. the contribution of the member 
lying in the orthogonal sway direction, to the one being considered, are deemed to add 
weight only.
On completion of this procedure, i.e. for all beam and column members at each level 
of the structure, the equivalent plane frame elevation is obtained, which can be 
visualised as a two-dimensional structure comprising the section properties of all
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parallel frames. Figure 4.3 illustrates the basic philosophy of this procedure in a 
diagrammatic way.
4.5.2.3 Condensing the plane frame into a Grinter substitute frame
The next step is to perform a similar condensation procedure on the equivalent plane 
frame. Therefore, the stiffness of the Grinter frame column at a typical storey level, 
say level i, can be taken as the sum of the column stiffness at storey level i of the plane 
frame. In a similar manner the Grinter beam stiffness are calculated from the sum of 
the beam stiffness at the corresponding storey level. The length of beam and column 
members in the compiled Grinter frame will remain consistent with their dimensions 
in the original building frame. Where these dimensions vary, especially where the 
beam members are concerned, the dominant dimension can be used. The final frame 
achieved after the condensation process is given by Figure 4.4.
4.5.2.4 Calculating the natural frequencies and mode shapes of the Grinter substitute 
frame
To calculate the natural frequencies and mode shapes of the Grinter substitute frame 
the candidate compiled a computer program called GRIND (GRTNter frame Dynamic 
analysis) using the FORTRAN 77 language. The program was written assuming that 
each storey of the compiled Grinter frame could be represented using classical theories 
of FE analysis by Zienkiewicz (1977). Using this approach, which implemented 
matrix type operations, the required natural frequencies and mode shapes could be 
achieved from the eigen-value problem corresponding to the whole-frame element 
arrangement. The main sequence of calculations performed by the program can be 
summarised to the following points:
(i) Compile the element stiffness matrices of each storey using the following 
element formulation,
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where 8^7,2 and 9z/.2 are the in-plane displacements and rotations respectively of 
the column member, while (pzj is the in-plane rotation of the beam. [AT,] and {8,} 
are therefore the stiffness matrix and displacement vector respectively for storey 
level i. The material Young's modulus E, bending inertia values for the column 
and beam, Ic and Ib respectively, and the element length (Lc and Lb) appropriate 
to the members of the frame being assigned accordingly.
(ii) Compile the structure matrix comprising a summation of the individual storey 
elements of the frame using a numerical referencing system to represent the 




where i is the storey level, the final structure matrix will have the form given by,
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*
"fell [*i 2 l 0 0 0 ... ... ... 
fell fed+feit 0 [kn \ 0 ... ... ... 
0 0 [£33], 0 0 ... ... ... 
0 [*21 ]2 0 fezt+fcii 0 ... ... ... 
0000 [A:33 ]2 ... ... ...
(4.7)
where [K] indicates that the matrix is in terms of the whole structure.
(iii) Assign the boundary conditions, which depend mainly on the chosen base node 
condition. To impose these conditions the approach adopted was based on the 
removal of the rows and columns of the structure stiffness matrix appropriate to 
the restrained dofs.
(iv) Compile the structure mass matrix, which is comprised of a simple lumping of 
the storey weights in a matrix format in the usual way, i.e. the structure mass 
matrix will be a diagonal matrix with values coincident with the column 
displacement terms of the storey element matrix in (ii) above.




Cholesky's method is used as described by Griffiths and Smith (1991), where w2 
and {A} are respectively the eigen-value in radians per second and its associated
eigen-vector corresponding to the matrix [S\.
(vi) Calculate all eigen-values and eigen-vectors of the standard problem in (v) using 
a Jacobi algorithm as discussed by Press et al (1992).
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(vii) Recover the eigen-vectors relating to the structure matrices [k] and \M\ from 
the Cholesky routine and normalise the results for convenience.
A flow chart, which represents this sequence in the computer program, is given in 
Figure 4.5.
4.6 The Results of the Analysis
4.6.1 Natural frequencies calculated using the full FE frame analysis
A large amount of information concerning the natural frequencies of the building can 
be obtained from the FE analysis, which can include local vibration modes as well as 
the global behaviour of the structure. However, this can be a disadvantage when the 
analysis aims to concentrate only on the sway and torsion modes of the building. This 
problem stems mainly from the computation process of the FE program used, which 
will identify all modes of vibration relative to their frequencies in numerical order. 
Therefore, to focus the analysis on a limited number of the modes, Table 4.6 shows the 
natural frequencies calculated by the GSA program limiting the analysis to the first six 
modes of the frame for each construction phase.
The main reason for restricting the number of modes was primarily due to the amount 
of time required by the computer to solve the natural frequencies of the frame. On 
average, each computer run required 15 hours of processing time, which excluding 
additional runs needed to correct accidental errors present in the input data, meant a 
full working week of pure processing time to gain all construction phase results. 
Although this did not present a problem for the candidate, the computer required to 
process the calculations was a 'Sun - Sparks' machine with approximately 128Mb of 
random access memory, which was located at a consulting engineers office outside of 
university control. Analysis was therefore limited due to the demands on the computer 
to solve problems other than that described in this chapter.
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(All frequency values are in Hz, i.e. cycles per second)
Abbreviations:
L Local modes (e.g. beam vibration) 9 Whole frame torsion vibration
EW East-west whole frame vibration NS North-south whole frame vibration
B Local vibration in frame bracing
Combinations:
EW 9 EW and 9 modes combined NS 9 NS and 9 modes combined
EW1 Fundamental EW mode NS1 Fundamental NS mode
LI, L2 etc - Fundamental, second etc of local modes
Bl, B2 etc - Fundamental, second etc of frame bracing modes.
4.6.2 Natural frequencies and mode shapes from the GRIND computer program
The calculated natural frequencies and their associated mode shapes obtained from the 
GRIND computer program are shown in Table 4.8. The table contains values 
assuming the base of the frame to be either fixed of pinned, which describes whether 
rotation is restrained or permitted respectively, and concentrates on the fundamental 
whole-frame sway values of EW1, EW2, NS1 and NS2 only.
4.6.3 Calculated whole-frame stiffness change from the analytical results
Using the calculated frequencies from both the full FE frame and GRIND it is possible 
to calculate the whole-frame stiffness change following the methodology used to 
evaluate similar information from the measured frequencies. However, as the 
calculations provide significantly more information to that available from the 
measured properties, two approaches were considered.
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4.6.3.1 Whole frame stiffness change using the frequency results from the full FE 
analysis
Due to uncertainties regarding the precise and correct mode characteristics reflected by 
the analytical results from the full FE calculations, the whole frame stiffness change 
for this model was obtained in a similar fashion as described previously for the 
measured frequencies.
4.6.3.2 Whole frame stiffness change using the results from GRIND
The Grinter substitute frame assumes pure whole frame sway modes, which is 
convenient for a direct calculation of the modal mass and modal stiffness of the 
building frame. Therefore, instead of using the ratios of mass change identified 
earlier, the modal mass was calculated directly using,
(4.9)
where F is the calculated whole-frame modal mass after Thomson (1993) using m, and 
<)>,• as the storey mass (Table 4.4) and normalised mode shape amplitude (Table 4.8) 
respectively at storey i of the Grinter frame. Modal stiffness can then be calculated 
from,
(4.10)
where 91 is the whole-frame modal stiffness, and tu is the natural frequency in units of 
radians per second appropriate to the sway mode being considered. The whole-frame 
stiffness change can then be achieved from a simple ratio of construction phases 
following a similar procedure as identified earlier.
The modal mass and modal stiffness calculated for each construction phase using 
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Figure 4.5 - Flow chart of the computer program GRIND
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Figure 4.6- Comparisons between measured and calculated results for the steel- 
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4.7 Comparison and Discussion of Measured and Calculated Results
4.7.1 The full FE frame model
Comparisons of the calculated and measured frequencies for the full FE model are 
shown in Table 4.9 and have been taken from the values given in Table 4.1 and Table 
4.7, which contain the measured and calculated data respectively. The comparison is 
based on the calculated sway and torsion vibration modes that resemble most the 
characteristics observed from the measured behaviour. Therefore, although the full 
frame FE results suggest a number of coupled modes, the most dominant characteristic 
was assumed to represent the corresponding measured behaviour, e.g. EW 6, which is 
a coupled east-west sway - torsion mode, was taken as EW as this motion dominated 
in the calculated behaviour. This rationalisation was also used to interpret the 
information presented by Ellis and Ji (1996), which gave the results of a similar 
analytical exercise, providing an additional set of results for comparison with the 
measured characteristics.
It is to be expected that differences between the calculated and measured natural 
frequencies will arise as a result of numerical modelling. This is not entirely 
surprising as the numerical models only offers a representation of the frame, which is 
based on assumed behaviour patterns. However, what is more important is to establish 
if the models represent the overall characteristics of the building at the various 
construction phases, i.e. the whole-frame stiffness of the building about the three 
principal NS, EW and 9 axes. Table 4.9 also gives a comparison of whole-frame 
stiffness change obtained from the measured properties and calculated results, which 
for completeness are also shown by the graphs in Figures 4.6(a) to (f). 
Observations: 
EW1:
The calculated results of the frame at each of the construction phases agree reasonably 
well with the measured frequencies. Although there are some discrepancies between 
the two result sets, the full FE frame model and the values given by Ellis and Ji (1996) 
reflect the relative change of the whole-frame stiffness with similar proportions seen 
from the measured frequencies.
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NSlandOl:
The full FE frame model, and the results of Ellis and Ji (1996), have again provided 
calculated frequencies that agree with the measurements, but for the NS sway and the 
torsion modes the comparison is reasonable only for construction phase 1 and 2. At 
these phases, the frame comprised (i) the steel frame with steel deck in place, and (ii) 
the steel frame with composite floors complete. The calculated whole-frame stiffness 
change for these phases compare well with the corresponding measured properties. 
Comparisons at construction phase 3 and 4, however, highlight significant differences 
for both the natural frequency values and whole-frame stiffness change. At these 
phases the calculated whole-frame stiffness change overestimate the measured values 
by approximately 70 - 120% for the NS1 sway mode CFC(FE) / ^measured) « 1.7 & 2.2, 
phase 3 and 4 respectively) and between 110 - 140% for the 01 torsion mode (^(FE) / 
^(measured) « 2.1 & 2.4, phases 3 and 4 respectively). The calculated values appear to 
portray the stiffening effect of the block-work walls to a much higher degree than their 
actual influence.
There are a number of reasons that could explain these differences, but the most likely 
can be attributed to the idealised nature of the modelled block-work panel. In the 
frame model, the walls were assumed to behave like membrane elements where in- 
plane forces are transmitted through the elements to the connecting nodes at their 
boundary. These nodes were chosen to coincide with the nodes that formed the 
geometry of the frame, which resulted in a model assuming complete interaction 
between the walls and the frame. In reality this type of behaviour is unlikely and a 
more accurate solution may have been achieved if the walls had been modelled using 
the proposals by Smith (1963). In this model, the author assumes that the wall 
behaves like a diagonal 'spring', which connects between the nodes of the frame in a 
similar fashion to a diagonal bracing member. By varying the stiffness of this 
'spring', it should be possible to examine the effect of non-perfect wall / frame 
interaction.
In addition to the whole-frame stiffness overestimation, the model has also failed to 
indicate the relative reduction of stiffness from construction phase 3 to 4, which was 
seen in the measured results. During these phases the calculated properties suggest
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that the frame stiffness remains approximately constant, which would be an expected 
outcome bearing in mind that no additional stiffening parts were added to the frame at 
phase 4.
4.7.2 The Grinter substitute frame using GRIND
Table 4.10 gives comparisons of the measured and calculated properties using the 
results from the Grinter substitute frame, which are also illustrated in the form of a 
graph by Figure 4.7 and Figure 4.8.
The structural properties of the Grinter substitute frame were prepared following the 
procedures outlined previously, and as such focussed on the characteristics of the 
framing members with no regard to the extra stiffening of block-walls. The result was 
a series of models that enabled calculations of natural frequency, mode shapes, modal 
mass and modal stiffness for the sway modes neglected the possibility of torsion or 
coupled vibration. For each of the construction phases, the fixed and pinned base 




The calculated natural frequencies have provided a reasonable comparison with the 
measured results for each of the construction phase. From a calculations stand-point 
the agreement between calculated and measured results are closest using a pinned base 
for construction phase 1, with best results being obtained with the fixed scenario for 
phase 4. These observations suggest that as the mass of the building increases the 
assumed fixity at the base of the frame changes from a pinned case to the fixed type, 
which appears to have a transition depending on the mass of the building.
NSlandNS2:
A similar observation with regard to the change of base fixity can also be seen from a 
comparison of results for the NS modes corresponding to construction phases 1 and 2. 
However, as with the full FE frame model, the natural frequencies of construction 
phase 3 and 4 have not been predicted accurately. Although the stiffening affect of the
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block-work walls at construction phases 3 and 4 has been neglected, the EW 
frequencies have been captured reasonably well. NS sway values, on the other hand, 
show differences, which is likely to be the result of the block-work wall stiffening 
effects being ignored.
4.8 Concluding Discussion
The conclusions drawn from the studies described in this chapter are summarised by 
the following discussion.
4.8.1 The full frame FE model
The full frame FE analysis, which considered a model comprising every member of 
the building frame, gave calculated natural frequencies that agreed reasonably well for 
sway motion of the steel-framed building in the EW direction at all construction 
phases. However, when used to interpret sway in the NS and torsion motion modes, 
substantial differences between measured and calculated frequencies were seen. These 
discrepancies were due to the inaccurate assumptions considered to model the 
stiffening influence of the block-work walls located around the perimeter of the 
building, which overestimated the stiffness of the building frame when installed.
The whole frame stiffness change between the construction phases was also 
reasonably predicted for the EW sway direction, but similar to the natural frequency 
calculations, the NS and 9 properties were significantly overestimated.
4.8.2 The results from GRIND using the Grinter substitute frame
Calculations of natural frequency using the Grinter substitute frame in its unaltered 
form has given results that agree reasonably well when compared to the measured 
frequencies in both the EW and NS modes. From the comparisons it appears 
reasonable to suggest that the measured natural frequencies corresponding to the 
calculated modes will fall somewhere within the range of the upper and lower bounds
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offered by the pinned or fixed base scenarios considered. However, dealing more 
importantly with the whole-frame stiffness variation throughout the construction 
phases, it is clear that the Grinter frame significantly underestimates the properties of 
the building, especially at phases 3 and 4. These discrepancies are clearly due to the 
lack of additional stiffness, not included in the Grinter frame, to take account of the 
stiffening effects of the block-work walls constructed around the perimeter of the 
building.
4.8.3 Calibration of the analytical models
The main aim of this chapter was to examine if a numerical model of a complete 
building could be used in conjunction with the damage identification philosophy. 
Although the full frame FE model has provided frequency results that are an-order-of- 
magnitude similar to the measured results, it is evident from the whole-frame stiffness 
comparisons that calibration of the models will be required. At this point one must 
reflect on the practicalities of proceeding with such a calibration as, remembering that 
the full frame FE model contains approximately 4,500 dofs, the calibration variables 
will be enormous. This is further complicated by the possibility that many 
combinations of different calibration variables will give the same natural frequency 
solution.
To reduce the number of possible variables, a refined methodology for calibration will 
be necessary, which will consider the variables on a global scale. If the properties of 
the structural parts within the frame are similar, it is reasonable from an analytical 
standpoint to assume that the behaviour of these parts will also be similar. The Grinter 
substitute frame can now be seen to offer such a rationalised approach, which from the 
results presented in this chapter appears to hold the potential for such a calibration 
process. Therefore, to obtain a model that will provide an accurate prediction of the 
measured natural frequencies, a methodology to calibrate the condensed frame was 
sought. This methodology is considered in chapter 5.
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CHAPTER 5
A Calibration Methodology for the Calculation of Natural Frequency and Mode 
Shapes using the Grinter Substitute Frame Analysis
5.1 Introduction
The previous chapter has shown that the behaviour of a building can be condensed into 
a model using the Grinter substitute frame, which enables natural frequencies to be 
calculated quickly and conveniently. However, the results achieved from the Grinter 
frame, in its standard form, do not provide sufficiently accurate predictions for use in 
damage identification.
Reports published by Wood (1974a, b & c) and Roberts and Wood (1981a & b) have 
proposed a method that examines the static and dynamic behaviour of multi-storey 
plane-frame structures with varying stiffness characteristics. However, to-date no 
evidence of a calibration methodology has been defined that allows measured 
frequencies to be used to determine possible frame variable(s). This chapter proposes 
a methodology, which is appropriate for use with GRIND (the computer program 
discussed in chapter 4).
5.2 Calibration Variables Identified by Published Reports
This section gives an introduction to the type of behaviour that tends usually to form 
the basis of discrepancies between analytical and observed structural frequencies.
5.2.1 The effects of soil-structure interaction
Ellis (1986) reported on the effects of soil-structure interaction between soil and the 
structural foundations of buildings and discussed methods of how its effects on the 
natural frequencies, mode shapes and damping of a building could be identified. The 
above author studied four buildings, one of which was used to give a comprehensive
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assessment of the effect of soil-structure interaction. In the discussion the author 
described that the rigidity of the base of a building has a dependency on the stiffness 
of the founding soil. To examine its affects on the overall structure, the author 
conducted forced vibration tests, using the BRE equipment identified in chapter 3, on 
a 49m high concrete silo tower measuring mode shape, natural frequency and damping 
characteristics. Particular attention was paid to the motion at the base of the structure. 
The detailed information obtained from the tower together with results of the 
remaining three buildings, not comprehensively described in the report, enabled an 
estimate of the base stiffness for each building to be obtained. The aim of the study 
was to quantify the elastic modulus of the soils on which the buildings were founded. 
However, the author pointed out that this quantity depends on the oscillation 
amplitude of the building during motion, which in turn changes the strain amplitude in 
the soil at the foundation. This affect was said to have a significant influence on the 
properties of the soil, and thus on the behaviour of the building. Due to the small 
sample of buildings considered by the report, the author suggested that it would be 
unwise to extrapolate too much from the results, but concluded that base stiffness 
properties can have a significant influence on the calculation of natural frequency and 
energy dissipation characteristics of a building.
5.2.2 Rotational restraint at j oints
It is now well established that jointed structures have properties that are more complex 
than those assumed for conventional 'free' or 'fixed' connections [Owens and Cheal 
(1989)]. The complexity is further exaggerated when dealing with vibration 
behaviour, where the amplitude of motion at the joints is small in comparison with 
similar effects associated with applied static load. Nader and Astaneh (1996), for 
example, studied the dynamic behaviour of single storey steel frames focusing on the 
structural rigidity of three connection types commonly used in conventional steel 
construction. The connection types considered ranged from simple plate fixings to 
robust steel plating, which from a design perspective represented those connection 
types normally assumed to be 'pinned' and 'fixed' respectively. The study 
demonstrated that the rotational stiffness inherent in a simple plated connection, 
subjected to oscillatory motion, was not significantly different from those of more
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rigid arrangements. Aoki (1996) also discussed this conclusion where the dynamic 
characteristics of welded and non-welded joints were compared. From this study the 
author found that the lower mode natural frequencies of simple framed structures, 
subjected to impact loads, changed only marginally from one joint type to the other. 
However, higher modes of vibration were affected to a greater degree. These studies 
highlight the possible influence of joint fixity on the dynamic performance of plane- 
frame type structures, and as such cannot be ignored when calibrating a numerical 
model.
5.2.3 Contribution of block-work wall in-fill panels
The influence of non-structural components, such as in-fill panels and fa9ade 
elements, are often neglected when it comes to the provisions of strength and stiffness 
in a building. However, studies have shown that these non-structural components can 
influence the behaviour of buildings by interacting with the framing members. Smith 
(1963) studied this effect by considering simple steel frames in-filled with block-work 
wall panels, focusing on their behaviour during in-plane static loading. Considering 
various heights to width ratios, the author found that the wall increased the stiffness of 
the frames. The author then proceeded to produce 'design chart' type data that related 
increased stiffness to the geometry of the frame. Throughout the extensive 
discussions, which also considered a variety of loading arrangements, the author 
suggested that the stiffness of such structures is analytically similar to an idealised 
diagonal spring. The study focussed mainly on the sway deflection of single-storey in­ 
filled frames, but the author proposed that a similar behaviour could be assumed for 
multi-storey structures.
Chrysostomou (1991) extended this study to consider dynamic loading. The aim of 
this work was to establish the added strength and stiffness mobilised by the interaction 
of block-work and steel frames. The author then assessed the reserve strength of such 
structures when exposed to earthquake type loading producing analytical models that 
could predict the vibration response of these frames subjected to dynamic loads. Apart 
from the numerical models, which were the main aim of the work, an interesting
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conclusion was drawn from the study, which indicated that the original proposal of a 
diagonal strut to simulate the added stiffness of in-filled panel remained accurate.
5.3 Discussion Relating to the Calibration of the Grinter Substitute Frame
The advantage of modelling a building frame using a method based on an ensemble of 
its properties is that the characteristics of the constituent structural parts can be 
examined on a 'global average' basis. To obtain a model that can provide a better 
indication of the building frequencies, the global average influence of base fixity, 
block-work walls and beam / column rotational restraint (identified as possible 
variable by the above mentioned published reports) will be considered.
The aim of the methodology is to obtain a model that will not only provide accurate 
natural frequencies but also offer a solution that represents the way the boundary 
conditions of the frame change as a result of added mass and whole-frame stiffness. 
These boundary conditions are outlined in the following discussions.
5.3.1 The influence of rotational restraint at the foundation of the frame
The pinned and fixed base scenario frequencies discussed in chapter 4 represent lower 
and upper bound solutions respectively for the whole frame. These support conditions 
are extreme cases, but are unlikely to be achieved when considered in the context of 
real structural behaviour. Ellis (1986) for example showed that the soil-structure 
interaction at the foundations of buildings varies considerably, which was said to 
influence the dynamic characteristics of whole frame vibration response. Although it 
is difficult to suggest that any variation to the stiffness at the base of the steel-framed 
building, considered here, could be assigned to soil-structure interaction processes, it 
is feasible that similar effects are present. As outlined in chapter 4, the steel-framed 
building was constructed on a large strong floor, the stiffness of which could be 
sufficiently large as to reduce the whole-frame rotation at the foundation to a 
minimum. Therefore, any rotation that occurs at the base of the building is more
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likely to be proportional to the properties at the connection, between the columns and 
the foundation, in a global average form.
Placed in the context of the results calculated using the GRIND program, these 
properties are not entirely clear. To fully investigate the extent to which the 
frequencies of the steel-frame change in the range between the extreme cases 
presented by either the fixed of pinned base node conditions, a relationship between 
rotational restraint and calculated natural frequencies will be determined.
5.3.2 The influence of rotational restraint at beam to column connection
It is reasonable to assume that at low vibration amplitudes the connection between a 
column and a beam offers significant rotational restraint no matter whether the 
connection was design to be pinned or fixed. This was the conclusion of studies by 
Nader and Astaneh (1991) and Aoki (1996) and is also mentioned by Wyatt (1989). 
However, it is not entirely clear from these reports how the characteristics of such 
joints change should the overall mass of the structure vary. It is feasible to suggest 
that the vibration amplitude of a structure, at its natural frequency, will increase as the 
mass of the structure increases, i.e. the vibration amplitude of a structure with constant 
stiffness considered at stages when the mass properties vary.
Consider for a moment this condition applied to a simply supported beam. Leaving 
aside the natural frequency changes that would inevitably occur, it would be expected 
that added mass would increase the amplitude of both mid span displacement and 
support rotation. Add to this a support restraint system typical to the bolted 
connections used for the steel-framed buildings, (i.e. one that is not entirely pinned nor 
fixed), it would be expected that the energy dissipation, and thus rotational restraint 
characteristics at the joint, would also vary. This was the finding of Plumier and 
Schleich (1993) where forced sinusoidal vibration at various amplitudes was used to 
examine the energy dissipation of beam to column connections. Concentrating on 
parts of the report that considered the form of construction adopted for the steel- 
framed building, the authors found that the energy absorption at the joints increased as 
vibration amplitude increased. This phenomena offers an explanation to the
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observations by Ellis and Ji (1996) where damping was found to increase and natural 
frequency decrease when the whole-frame amplitude of the steel-framed building 
correspondingly increased (see Table 4.3, chapter 4). Reports by Ellis et al (1994, 
1995 and 1996) also show that amplitude dependence of the dynamic characteristics 
was observed in other multi-storey buildings.
Leaving aside the amplitude dependence of the dynamic characteristics, the effect of 
varying joint restraint at the beam to column connections of the building was 
considered as one of the calibration variables. Again, the aim was to treat the restraint 
on a global average scale, thereby concentrating the properties at the connections 
throughout each floor as one overall effect.
5.3.3 The stiffening influence of block-work panel walls
To model the stiffening affect of the block-work walls located on the east and west 
elevations of the building, the proposals by Smith (1963) were adopted. In this report, 
the author defined the block-work as a diagonal spring, which is based on the 
philosophy that in-plane forces are transmitted through the wall, to its corners, with 
similar efficiency as a diagonal bracing member. The stiffness of this spring was said 
to depend predominantly on the construction tolerances of the wall itself, as this can 
be influenced by the degree of contact between the frame of the structure and the wall 
corners. Based on a single block-work panel, installed within a frame bounded by 
beams and columns, the stiffness of the idealised spring was defined by Wood (1974a) 
in a form appropriate for use with the Grinter substitute frame as,
S~ ——— —^at = kN/mm (5.1)
Equation (5.1) can be used as spring stiffness at each storey to simulate the idealised 
diagonal bracing [Smith (1963)], which has been resolved to give horizontal resistance 
properties. In addition, H and L are the frame height and width respectively, measured
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between neighbouring columns and storey beams, while Es is the Young's modulus of 
the steel frame, ja is the steel / block-work modular ratio and t is the thickness of the 
wall, a is a parameter that represents the degree of contact between the wall and the 
frame and is expressed as a ratio of the frame dimensions. A ratio of "1" would thus 
suggest complete contact between the frame and wall. However, the 'contact ratio' is 
calculated taking account of the deformed profile of a frame during sway deflection, 
with values by Wood (1974a) typically ranging from 0.002 to 0.3 for motion in the 
fundamental vibration mode.
5.3.4 Modifying the GRIND program to take account of calibration
In its original form, the GRIND program took account of the fixed or pinned base 
scenarios using a simple elimination of the rows and columns of the stiffness matrix 
associated with the dofs being removed. To allow calibration, however, a more 
general approach was considered where nodal properties could be adjusted depending 
on the level of joint fixity required. To model variations to the base and beam to 
column connection joints, the computer program was modified so that a value of 
rotational restraint could be assigned with a value chosen by the user. The GRIND 
program then applied the assigned numerical level of restraint to the diagonal elements 
of the structure stiffness matrix appropriate to the dof being adjusted.
Before each analytical calculation could proceed, restraint values were required 
comprising horizontal-spring and rotational stiffness at the storey levels and base 
location. To rationalise the number of variables, common restraint properties were 
assigned at each storey level, while the base was treated separately.
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5.4 The Calibration Parameters for the Grinter Substitute Frame
5.4.1 Calculated natural frequencies corresponding to varying joint fixity 
conditions
During the rotational restraint on a scale of "0" to "1", which defines pinned to fixed 
conditions respectively, a consistent relationship was found to exist between extent of 
fixity and calculated frequency for all construction phases. To illustrate the 
relationship, Figure 5.1 shows the change of natural frequency of the Grinter frame 
corresponding to various joint fixity conditions. An interesting facet of the results is 
that identical natural frequencies were calculated for conditions when the beam to 
column connections were assumed fixed, with varying base fixity, as those obtained 
for a fixed base with varying beam to column fixity. This trend was also repeated for 
the condition when the base was pinned, with beam to column connection fixity 
varying, and base varying / beam to column pinned.
5.4.1.1 Mathematical formulation of natural frequency for varying conditions of joint 
fixity
Having established that the trends are consistent for all construction phases, a 
mathematical formulation was developed by the candidate to allow the natural 
frequency variation to be obtained relative to any fixity condition. On inspection of 
the results in the graph of Figure 5.1, similar characteristics to that of a hyperbolic 
tangent function are seen. Comparing the results of Figure 5.1 with this function 
illustrates the similarity, which is shown by Figures 5.2(a) and (b). However, the 
calculated rate of change of natural frequency gained from the Grinter frame indicated 
a logarithmic variation with respect to the degree of joint fixity. To replicate the 
logarithmic nature on a scale similar to the results of Figure 5.1, the original 
hyperbolic tangent function can be adjusted and normalised using,
(5.2)
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where y ranges from -1 to +1, while p is the degree of fixity at the joint on a 
logarithmic scale (0.0001 < p < 1) as shown in Figure 5.2. The fit of eqn.(5.2) is 
dependent on £, which allows adjustments to be made to the hyperbolic tangent profile 
to suit the results gained from the GRIND program. Finally, to ensure that eqn.(5.2) 
can be used to calculate the natural frequency of the frame relative to any combination 
of joint fixity, an adjustment is made to give,
+ n ,(« = !, 2) (5.3)
This equation is universally applicable to all construction phases and is representative 
of the type of information given by Figure 5.1. Introducing a number of abbreviations 
to represent the calculated frequencies for the extreme fixity conditions as,
// = fully restrained beam / column connection and fully restrained base
/2 = fully restrained beam / column connection and pinned base
fs = pinned beam / column connection with pinned base
eqn.(5.3) is used to calculated the frequency corresponding to the assigned value of p 
using,




where/p indicates that the frequency is relative to the calculated p value. From a 
series of comparisons between eqns.(5.4a & b) and the calculated frequencies from the 
Grinter frame, values of 4 in the range 0.95 to 0.99 were found to give best results.
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5.4.1.2 Graphical interpretation of formulation for assessment of joint fixity
The upper and lower bound results that are shown in Figure 5.1 illustrate that a wide 
variety of base and beam to column connection restraint combinations will provide 
identical natural frequency results. To identify every combination, appropriate to the 
frequencies between the upper and lower bounds, would require a significant number 
of individual frequency-variation-profiles. However, to make the interpretation easier 
this information can be presented in a graphical form where every possible 
combination of base and beam to column restraint is considered. This information is 
shown by Figure 5.3, which was derived by the candidate and satisfies the relationship 
of eqns.(5.4a & b) for all construction phases.
The diagonal lines that cross the graph of Figure 5.3 represents the combinations of 
joint fixity that will provide the required calculated natural frequencies. Therefore, 
using this graphical method, it is possible to identify the combinations appropriate to 
the measured natural frequency,^, using
, when <f3 <fm <f2} (5.5a)J2~h
P» = T1-?- + 2 ' when & </« </'> <5 - 5b)
W1-/2J
Therefore, pm is a numerical ratio (0 < pm < 2) that defines the measured frequency fm , 
relative to // and f; or fi and _/}. However, from calculations using the GRIND
program it was found that
making it possible to calculate any pm value assuming eqn.(5.5b) only. To give an 
example, eqn.(5.5b) is used to calculate the fixity combinations appropriate to the 
measured frequency value of/w = 2.1 Hz, which relates to the measured EW2 mode of 
construction phase 2 of the steel-framed building. The calculated frequencies for this 
mode, as given by Table 4.10 in chapter 4, were// = 2.84Hz and/2 = 2.2Hz, which
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gives pm of 0.84. Therefore, using Figure 5.3, and remembering that the diagonal lines 
of the graph indicate all possible combinations, two possible conditions are,
• Possible condition 1: base node restraint = 0.008, beam to column restraint = 1
• Possible condition 2: Base node restraint = 1, beam to column restraint = 0.008
5.4.2 Calibration of the block-work panel walls
The effect of including additional spring stiffness in the Grinter frame, which 
represents the installation of the block-work panels, is to increase the natural 
frequency of the extreme fixity conditions //, f2 and fa. To calculate the spring 
stiffness appropriate to the size of walls within the steel-framed building, eqn.(S.l) 
was considered using the following data:
• Block-work wall thickness = 140mm • Modular ratio = 40
• Compressive strength of blocks = 7 N/mm2 • L = 6.0m and 9.0m
• //-4.135m • £s = 205kN/mm2
To obtain the value that would be representative of the number of panel installed on 
the steel-framed building, a simple multiplication of the calculated stiffness relative to 
the number of walls at each storey level was adopted.
5.4.2.1 Calculated natural frequencies corresponding to varying spring stiffness
The natural frequencies calculated with additional spring stiffness at each floor level 
are shown in the form of a graph by Figure 5.4(a). The results shown relate to the 
EW1 and EW2 frequencies of construction phase 3 and are representative of the 
variation observed for NS and EW modes of construction phase 3 and 4. The 
information given by Figure 5.4(a) illustrates the calculated frequency appropriate to 
various contact ratios, a.
Figure 5.4(b) shows Figure 5.4(a) in a more universally applicable form, where the 
change of frequency relative to a has been normalised, giving a more meaningful 
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Figure 5.3 - Base and beam to column connection restraint combinations appropriate 
to the calculated pm value for the construction phase being considered
112
A Calibration Methodology for the Calculation of Natural Frequency and Mode Shapes . . . Chapter 5 
5.4.2.2 Mathematical formulation of natural frequency for varying contact ratio, a
The normalised frequency change shown by the graph of Figure 5.4(b), approximates 
to an expression of the form,
(5.7)
where i is a real value that 'tunes' A. (0 < A, < 1) to the required variation. For best 
results i was found to be 0.9 and 0.67 for the EW1 (and NS1) and EW2 (and NS2) 
respectively. The relationship of eqn.(5.7), based on these values, is also included in 
Figure 5.4(b) from which the natural frequency corresponding to any value of a (0 < a 
< 1) can be calculated using,
(5.8a)
/3,a =2/2 -/l+a'/3,(a,=l) ~^2 ~/l (5.8c)
Therefore, the only information required to formulate the frequency variation 
relationship are//,/} and/j when a = 1.
5. 4. 2. 3 Calculating the modified f3m value
The consequence of including added spring stiffness to represent block-work walls is 
to adjust pm to a modified value. To achieve this it is first necessary to calculate 
values of a corresponding to the measured frequency, fm , assuming the extreme 
conditions given by the frequencies //, f2 and f3 . These values are calculated from 
eqns.(5.8a) to (5.8c) in the following way,
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„ _ . m ,<; g xw3 ~——— ( '
where am /. 2, j indicate a values that correspond to the measured frequency^,. lffm is 
greater than//, the modified pm values can then be obtained from,
' for ^a "" <a
2,aJ
a + l.for(aH2 <a<am3 ) (S.lOb)
where P m a indicates dependence on the contact ratio, a. Finally, eqns.(5.10a) and 
(5.1 Ob) are subject to the following exceptions,
(S.lla) 
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5.4.2.4 Variation ofj3m , afor various a values
The inclusion of the block-work walls is applicable only to construction phase 3 and 4. 
Calculated data for these phases are given by Table 5.1, which was used to construct 
the pm, a variations shown in Figure 5.5(a) and (b).















































































































CONSTRUCTION PHASE 3 CONSTRUCTION PHASE 4
r«,a
Figure 5.5 - Modified pm for (a) construction phase 3, and (b) construction phase 4
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5.5 Calibration Results Associated with each Construction Phase
The previous section has identified the calibration parameters of the frame, each being 
considered as influencing the behaviour of the Grinter substitute frame on a global 
average basis. Using this information the parameters associated with the measured 
natural frequencies of the steel-framed building can now be identified.
5.5.1 The approach adopted to calibrate the steel-framed building
The formulated criterion enables a large number of possible calibration parameters to 
be identified. However, it is clear that many possible solutions exist, as the calibration 
parameters have been developed to encompass a wide range of possible influences. 
To rationalise the calibration, a methodology was considered that followed 
predetermined assumptions relating to the behaviour of the building at all construction 
phases. These assumptions were: 
(i) The calculated (5m value at construction phase 1 and 2 give an accurate reflection
of the frame properties at these phases indicating the influence of added
structural mass and stiffness on the whole-frame properties, 
(ii) At construction phase 3 it was assumed that the added mass of the block-work
panel walls would not cause a significant change to pm and its associated pm a
value would therefore remain unchanged. This assumption allowed the contact
ratio, a, to be identified, 
(iii) The a value chosen to satisfy condition (ii) was assumed to represent its
magnitude for construction phase 4, enabling the pm, a for this phase to be found.
The rationalisation procedure for (i) to (iii) above was considered to be applicable to 
each mode of vibration, i.e. EW1, EW2, NS1 and NS2, and were thus treated 
individually to assess the parameters for each of the vibration modes.
5.5.2 Results of calibration
Table 5.2 contains the calibration parameters based on the sequence presented above, 
which gives two sets of results that represent conditions when:
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(*) the beam to column connection rotational restraint of the Grinter frame is 
maximised, so as to provide a minimised base node restraint value;
(**) the beam to column connection rotational restraint is minimised, so that a 
maximised base node restraint value can be achieved.
Table 5.2 -Calibration parameters to provide calculated natural frequencies with the 




































































































































5.5.3 The whole frame stiffness of the Grinter substitute frame from the calibration 
results
The whole-frame stiffness of the building associated with the calibration results of 
Table 5.2 were calculated in a similar manner to the approach identified in section 
4.6.3 of chapter 4. To obtain the required information, the modified GRIND program 
was used to calculate the calibrated mode shapes, which allowed the modal mass, 
modal stiffness and whole-frame stiffness to be defined. The results from these 
calculations are presented in Table 5.3 and Table 5.4, which give mode shape and 
modal property information respectively. The storey mass values for the construction 
phases has been presented in Table 4.4 of chapter 4.
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5.6 Discussion and Comparison of Measured and Calibrated Results
Figure 5.6 and Figure 5.7 presents a comparison between the measured and calculated 
natural frequencies and their associated whole-frame stiffness variations for the EW 
and NS modes respectively. With regard to the natural frequencies, the calibration 
methodology has provided a means of obtaining calculated results that match precisely 
the measured values. However, the accuracy of the calculated frequencies does not 
automatically guarantee a true indication of the building characteristics during 
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Figure 5.8 - Comparison of measured and calculated mode shapes for construction 
phase 4: (a) EW 1, (b) EW 2 and (c) NS1.
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5.6.1 Calibrated EW and NS properties
The behaviour of the building when vibrating in the EW 1 and NS 1 modes can be 
captured with reasonable accuracy for all construction phases if the calibration 
parameters associated with the base node restraint are chosen to reflect minimum 
values. The beam to column connection at each storey, coincident with these values, 
indicates a fully fixed condition, which provides a closer comparison of whole-frame 
stiffness change for all construction phases. The alternative condition that relates to 
a high rotational restraint at the base, on the other hand, gave a rate of whole-frame 
stiffness change that overestimated the corresponding measured properties.
Table 5.4 indicates the best choice set of whole frame stiffness properties based on 
the two result sets considered. Highlighted by the shaded areas of the table, the 
following main observations can be established.
5.6.1.1 Observations from the EW 1 and NS 1 results
(i) Construction phase 1: To obtain an agreeable comparison with the whole-frame 
stiffness change from the measured properties, best results are achieved if the 
beam to column connections of the frame are assumed to be substantially rigid. 
Coincident with this condition, the base of the building must then be assumed 
to be flexible, permitting rotation with only marginal restraint.
(ii) Construction phase 2: At phase 2 the added weight of the building appears to 
contribute to a stiffening at the base as the best results are achieved when the 
beam to column connections are assumed fixed with an increase in base 
rotational restraint. Using the results in Table 4.10 of chapter 4 as a basis for 
comparison, it appears that the restraint at the base of the building has the 
effect of increasing the whole-frame stiffness. Comparing the un-calibrated 
results for the pinned base condition for EW 1 OPC = 1-88, Table 4.10) to the 
calibrated Tc* = 1.97 shows an approximate 4% relative increase. Similarly 
for NS 1 sway, Vc = 1.38 and ¥c * = 2.09, which is a 51% increase. These 
results demonstrate that the change of stiffness of the frame is greater for the 
sway behaviour about the stiffer axis of the building.
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(iii) Construction phase 3: For convenience, it is reasonable to assume that the 
nominal increase to the overall building mass did not increase the base restraint 
any further when the block-work walls were added at phase 3. The additional 
stiffness must then be due to the structural interaction that may occur between 
the frame of the building and the wall itself. It is thought that the walls 
installed on the north and south perimeter regions of each storey increase 
stiffness in the EW sway direction, while the full height walls on the east and 
west parts contribute to the NS behaviour. With regard to the EW sway, it was 
to be expected that the calibration value for a would be low as the walls on the 
north and south of the building were constructed to 900mm in height. 
However, the a value corresponding to the NS sway is equally low although 
the walls were installed to full height on the east and west elevations of the 
building.
(iv) Construction phase 4: Based on the assumption that the block-work wall 
influence on frame stiffness remains constant, the calibrated rotational restraint 
properties give results that suggest a reduction to the base node restraint for the 
EW 1, while the NS 1 parameter shows an increase to this property. There are 
a number of reasons that could be discussed in an attempt to justify these 
changes, but in reality there is simply too little information available to clearly 
define the properties of the building at construction phase 4.
5.6.1.2 Observations from the EW 2 and NS 2 results
General trends can also be identified for the EW 2 and NS 2, but the behaviour of the 
frame for both these modes tend to suggest flexible rotational restraints at all joints 
throughout each construction phase. Without focusing too much on the detail of the 
joint properties, it is interesting to note that the calibrated results of these modes 
appear to suggest that the contribution of the block-work walls to overall stiffness of 
the frame increases at the higher modes. This is consistent with the findings of 
Chrysostomou (1991) where higher modes were said to induce a condition defined as 
'strut reversal' causing an effective increase to the a value. The 'strut reversal' was 
said to occur during complex deformation patterns of the frame, which was seen to 
be dependent on the mode of vibration. As the mode of vibration increased, the
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deformation of the frame becomes more complex causing the contact between the 
frame and block-work to increase. This effect is seen to be more pronounced for the 
NS 2 sway calibrated results.
5.6.2 Mode shape comparison for construction phase 4
The mode shapes associated with the calibrated parameters for construction phase 4 
are illustrated by Figure 5.8 and indicate a reasonable compliance with the measured 
normalised velocity amplitude at this phase. The EW 1 predictions give the best 
likeness to the measured values, while EW 2 and NS 1 calculations offer what can be 
best described as an approximation to the measured values.
Unfortunately, these were the only mode shape measurements taken from the 
building, which is due primarily to the significant amount of effort require to capture 
such information on a full scale building. However, based on this information it can 
be seen form Figure 5.8 that the calibrated results, assuming the flexible base 
scenario, provides the better fit for the EW 1 and NS 1 modes. For the EW 2 mode 
the best results are achieved when the beam to column connections are assumed 
completely free. These results also correspond with the assumed best candidate 
conclusions shown shades on Table 5.4 adding confidence to the calibration 
methodology formulated.
5.7 Sensitivity of the Calibrated Model and its Application to Damage 
Detection
The calibration procedure has provided calculated natural frequencies that comply 
with values taken from vibration response measurements. Placed in the context of 
the original aim, which was to gain a model capable of accurately capturing the 
behaviour of the building during construction, this too has also been achieved. 
Therefore, by interpreting the construction phases as a form of 'reverse damage' a 
model for the assessment of whole-frame stiffness change has been provided.
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However, it is clear that the whole-frame stiffness change is not a realistic perception 
of the type and extent of damage that would need to be identified to make damage 
detection from natural frequencies a feasible non-visual method. The stiffness 
changes considered up to this point have focused on whole-frame influences, while 
real damage may not affect the entire building.
5.7.1 Sensitivity of the calibrated Grinter frame to localised stiffness change
To assess the sensitivity of the calibrated frame model, a series of analyses were 
conducted that assumed a complete removal of floor elements, on an individual 
storey basis, in order to gain an idea of the possible frequency change that may 
occur. The main assumption considered was that structural damage of the building, 
after construction phase 4, would have the affect of completely eliminating the 
contribution of individual floor stiffness to the whole-frame behaviour. Table 5.5 
contains the analytical results that were calculated using the modified GRIND 
program imposing the calibration variables defined for construction phase 4 by Table 
5.2. To aid the interpretation of the tabulated results, the floor numbers indicated 
relate to the storey beam stiffness that was removed, i.e. single storey only.
Table 5.5-Calculated natural frequency assuming that damage has the effect of 



















































(All frequencies are quoted in Hz, i.e. cycles per second. fm is the measured, and thus 
the calibrated, natural frequency values appropriate to each mode).
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5.7.2 Measured natural frequencies obtained from the building after real damage
The reason for choosing to study the eight-storey steel-framed building (SFB) at the 
BRE Cardington laboratories was mainly due to the actual known damage that was 
caused to the structure after its construction was complete. As pointed out earlier in 
chapter 4, the building has been used for various research projects where service load 
conditions and extreme fire situations have been imposed on the structure. These 
imposed situations have caused significant damage to the structure providing an ideal 
opportunity to obtain natural frequency information after their occurrence.
5. 7.2.1 Conditions imposed on the building to cause damage
Detailed accounts have been given in numerous publications, such as Grantham 
(1994) and Martin (1994), regarding the type of test, their results and the aim of such 
tests conducted on the SFB. These details are not necessarily of importance here, as 
they discuss primarily the behaviour of the building during service and fire load 
conditions. However, to give an indication of the tests conducted on the building 
that correspond to the subsequent natural frequency measurements, a cursory 
overview follows.
• Damage condition 1: April 1995 - Fire tests were conducted on the completed 
building to simulate extreme fire on floor 3. The test comprised the localised 
heating of an individual beam using a furnace. The location of the test was on 
the south side of the building between grid lines D2 and E2, which is based on 
the referencing system illustrated in Appendix B. The furnace tests, which 
generated temperatures in access of 1000°C, caused the beam to buckle and the 
floors to deflect to a permanent deformed profile measuring approximately 
300mm at the beam mid-span.
• Damage condition 2: April / May 1995 - Furnace tests were conducted on the 
third floor, which covered the beam and column members on grid-lines A2 to 
C2. The furnace reached temperatures in excess of 1000°C, causing significant 
damage to the floor beams of the fourth floor. However, the most dramatic 
effect from this test was the damage that took place to the column on grid line 
B2. This column was deliberately non-fire protected, which resulted in a
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permanent 200mm vertical buckling / shortening at its connection region with 
beams at the fourth storey. The shortening of the column meant that all floors 
above this localised buckling also reduced in height by 200mm producing a 
definite sagging of the floors at each storey around the column at B2. 
Damage condition 3: June / July 1995 - Large fire compartment tests were 
conducted to simulate the effect of a real fire, where office furniture and other 
combustible materials were used to induce significant temperatures. The 
compartment was located on the third floor and covered an area approximating 
to the region of the floor bounded by grid-lines Dl to D3 and Fl to F3. The 
temperature in this fire reached in excess of 900°C, which caused significant 
permanent deformation to the exposed floor beams supporting the fourth floor. 
The deformed shape of the fourth floor after the fire produced a dish like 
appearance with mid-span beam deflections being in the range of 200mm to 
500mm over the region of the fire.
5.7. 2.2 Measured natural frequencies obtained after damage
Within days of the damage conditions identified above, transient response 
measurements of the building were recorded. Using the procedures identified in 
chapters 3, the natural frequencies of the building were extracted for comparison 
with the original measurements gained from the un-damaged structure. Table 5.6 
gives the results.























(All frequencies are quoted in Hz, i.e. cycles per second)
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5.7.3 Discussion on the practicality of detecting damage on a whole frame basis
5. 7.3.1 Using the calibrated Grinter substitute frame to detect damage
The calculated frequencies shown by Table 5.5 illustrate that the calibrated frame can 
provide an indication of the natural frequency change that may occur as a result of 
changes being made to the stiffness properties of the floor. From studies assuming 
storey by storey stiffness losses, it is seen that there is a definite change to the 
calculated frequencies, which would suggest that whole-frame behaviour could 
provide information for use with damage detection.
However, one must reflect on the practicality of these assumptions, which based on a 
physical interpretation, would mean a complete removal of an entire floor. Indeed, 
even in this condition the change of frequency is at most a 6% reduction relative to 
the value calculated for the original calibrated model (Table 5.5 - NS 2, floor 8), 
which would suggest that calculations based on smaller floor-stiffness property- 
adjustments would yield insignificant frequency changes.
5.7. 3.2 Using the measured information from whole-frame response measurements
Throughout each of the damage conditions described above the effects on the 
structure, from a visual perspective, were significant. Buckled beams, deformed 
floor slabs and shortened columns each describe the type of damage that could be 
clearly seen. However, the changes in frequency for each of these conditions do not 
reflect the severity of the damage observed to a magnitude that would cause alarm. 
For example, after damage condition 2 the frequencies reduced from 0.66Hz to 
0.65Hz for EW1 with the NS 1 increasing from 1.9Hz to 1.95Hz. The former of 
these modes appear, therefore, to be unaffected by the significant damage, while the 
latter shows an increase in the frequency, which is itself a violation of the assumption 
that damage effectively reduces structural stiffness, i.e. reducing natural frequency.
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It is clear from these measurements that the actual damage produces significantly 
more complex behavioural changes that are not captured by the whole-frame 
response characteristics.
5.8 Concluding Discussion
A calibration procedure for use with the Grinter substitute frame analysis has been 
presented. Accurate natural frequencies and, based on a comparison with limited 
information, mode shape profiles can be achieved from a back-substitution of 
measured information.
Adopting the analysis for use as a damage detection method highlights the 
shortcomings of such whole-frame methods. This 'smearing' approach effectively 
reduces the likelihood of considering localised structural property variations. This 
shortcoming does not necessarily indicate that the model will not provide correct 
natural frequency results. However, interpreting structural changes from measured 
vibration signals, obtained before and after damage, suggest that the frame response 
is insensitive to significant structural changes caused by damage.
The information presented in this chapter provides sufficient evidence to suggest that 
damage detection, on the scale considered in this chapter, is not practical and a more 
localised approach must be considered. By reducing the number of potential 
variables, a point may be reached where adjustments to the structural system can be 
recognised from definite trends in natural frequency changes.
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CHAPTER 6
Application of the Calibration Methodology to Quantify Damage in a Composite 
Floor Slab within a Full-Scale Building
6.1 Introduction
The previous chapter highlighted the shortcomings when using whole-frame response 
measurements to quantify damage. It was seen that, due to the complexity of the 
whole-frame characteristics, changes in frequency were difficult to detect even when 
damage was seen to be significant.
To remove dependence on the whole-frame behaviour, a similar study was undertaken 
to quantify damage of known location within one of the floors of the steel-framed 
building. Considering analytical models of the floor, the aim is to use the calibration 
methodology identified in the previous chapter to examine the structural changes that 
occur in a concrete floor-slab caused by excessive localised static loads.
6.1.1 The floor structure considered for the study
The floor considered for this study was located at the fifth floor of the eight-storey 
steel-framed building. This floor was chosen as it offered a unique opportunity to 
obtain vibration characteristics from a floor in 'pre' and 'post-damaged' conditions. 
Details of the structural members and overall geometry of the floor are presented in 
Appendix B, in which general information of the entire building is also contained. 
This information illustrates 'as-constructed' properties, which is also regarded as 
being representative of the pre-damage condition of both the whole structure and the 
floor in question. The construction of the floor is of composite construction, where the 
steel beams support a concrete deck, the detail of which has been covered in chapter 4.
A visual inspection of the floor was carried out at the time of the 'pre-damage' 
vibration testing, which was conducted during July 1997, and indicated no structural 
damage within the vicinity of the floor used for the investigation. No static or fire
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loading had been applied to the floor prior to this time providing a region of the slab 
that was considered 'load-history' free.
6.1.2 Post-damage floor condition
6.1.2.1 The cause of structural damage to the floor
Post-damage dynamic testing was conducted during November 1998, more that one 
year after the initial vibration information had been measured. During this time a 
separate research team, not connected with this work, had carried out a series of tests 
that aimed to study the strength of the concrete deck under extreme static loads. Using 
a system comprising hydraulic jacks, heavy weight kent-ledge and Macalloy bars, 
these researchers applied controlled static load to the concrete deck in a four-point 
loading arrangement. Peel-Cross et al (1998) have given a full description of these 
tests where the main aim was to identify the in-situ performance of the deck for 
comparison with laboratory tests.
The details of the aforementioned tests and the conclusions of the work are not 
necessarily of importance here as the tests considered only centre-span deflection of 
the deck with no record of load distribution or section strain information being given. 
However, the information that is vital for this study is the subsequent location and 
visual extent of the damage that was caused.
6.1.2.2 Visual observations of the damage
Peel-Cross et al (1998) reported that the applied static load caused a shear failure in 
the concrete deck, which produced large width cracking in the slab and was said to 
have occurred directly over the 'on-grid' beams. This damage was observed by the 
candidate at the time of the 'post-damage' dynamic tests and was seen to have affected 
three locations on the floor, which are indicated in Figure 6.1. The widths of the 
cracks along these regions were between 0.5mm and 3mm, which was measured at the 
surface of the concrete, while the depth in several locations could be measured to 
approximately 50mm. The steel beams, however, appeared to have been un-affected
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by the damage with no evidence of permanent deflection and no observed damage at 
the region of the beam to column connections. Nevertheless, from these observations 
it was clear, from a structural point-of-view, that the static load had produced damage 
on a scale that would be considered unacceptable if such damage was observed in a 
functioning / occupied building.
6.2 Description and Results of the Dynamic Tests for the Pre and Post- 
Damaged Floor
6.2.1 Dynamic testing methods
The dynamic testing involved both impact load and steady state forced vibration 
methods. To obtain the natural frequencies of the floor, for both pre and post-damage 
conditions, the heel-drop impact load approach was adopted. Using an accelerometer, 
the response of the floor was recorded over a fixed time length, the duration of which 
being sufficiently long to allow the ensuing decay of the floor vibration to be captured 
subsequent to the heel-drop.
To measure the mode shape of the floor corresponding to the fundamental mode of 
vibration, forced vibration equipment utilising the eccentric mass philosophy 
described in chapter 3 was used. However, due to unfortunate mechanical problems 
with this equipment during the pre-damage dynamic testing, mode shapes could not be 
obtained. Therefore, mode shape information applicable only to the post-damage 
condition has been included here.
6.2.2 Measured natural frequencies from the floor response signals 
6.2.2.1 Pre-damage frequencies
A total of nineteen response signals were recorded, each representing the behaviour of 
the fifth floor at specific locations throughout its entire area. The locations from 
which these response signals was retrieved were chosen to coincide with (i) the centre
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of the slab bays, and (ii) the centre of grid-line beams along the EW axis of the 
building. To clarify this definition, the slab 'bays' can be visualised as the areas of the 
floor bound by the grid-lines consistent with the floor layout shown in Appendix B.
To focus the study on the location of known subsequent damage, only those response 
signals appropriate to the damage-affects regions of the floor were considered. Figure 
6.2 and Table 6.1 presents this information, the referencing of which corresponding to 
the locations indicated in Figure 6.1. Peak response amplitude, together with the 
frequency at which it occurs, obtained from the autospectra is quoted in the table 
where the values relate to the signals that were recorded from the centre-bay positions.
6.2.2.2 Post-damage frequencies
To provide a true indication of any changes that may have occurred to the natural 
frequencies of the floor as a result of the damage, response signals were recorded at 
locations consistent with the pre-damage results. The natural frequencies obtained 
from these signals are shown in Table 6.1, which also indicates the amplitude of the 
response corresponding to the frequencies being defined.
6.2.2.3 Interpreting the mode order of the floor
The data provided by the autospectra (Figure 6.2) of measured signals does not 
automatically present evidence that can be used to define the mode of vibration to 
which the spectral peaks relate. To achieve this, based on the present available 
information, a comparison of measured and calculated behaviour should be carried out 
so that the most likely candidate set of predicted frequencies can be nominated as 
being representative of the values from the response signals. Table 6.1 identifies the 
vibration mode order associated with the quoted frequencies, which was obtained from 
comparisons with three FE models of the floor described later in this chapter. To 
relate the order of the modes to the floor bay areas (Figure 6.1) these predictions 
comprised both continuous and discontinuous idealisations of the floor bays. To 
identify the mode order from these models the following was then assumed:
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(i) The continuous model (comprising three continuous floor bays) gave natural 
frequencies that took account of the floor continuity. The mode shapes 
associated with the calculated frequencies were then used to locate the maximum 
vibration amplitude, which gave an indication of the position where dominant 
response of the floor occurs relative to the bay layout. As the aforementioned 
mode shapes are typically calculated in a normalised form (relative to a 
maximum amplitude of "1.0"), this interpretation was easily achieved allowing 
the maximum amplitude point to be recognised, thereby allocating the frequency 
value to the bay at which this maximum occurred.
(ii) The frequency and assigned mode order gained from (i) above was confirmed 
with a comparison with the remaining two models (both being discontinuous 
isolated bays), where good agreement between the two result sets were seen.
6.2.3 Discussion on the results obtained from the autospectra
The autospectra of the measured acceleration response of Table 6.1 and Figure 6.2 
appear to show that the natural frequencies of the floor change as a result of the 
imposed damage. This information was calculated using a Fast Fourier Transform 
(FFT) routine that allowed the response spectra to be viewed over any desired 
frequency bandwidth, which enabled the frequencies and their spectral amplitude to be 
determined. However, the results obtained from the autospectra in this way should be 
treated with extreme caution as the information produced by the FFT has an accuracy 
dependent on the amount of response information available from the recorded signal.
Table 6.1 -Pre and Post-damage natural frequencies of the floor from impact response 
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(Notes to Table 6.1: 'Response' = peak spectral response amplitude corresponding to 
the quoted frequency value. fm = pre-damage frequency,// = post-damage frequency).
6.2.3.1 The natural frequency values
The spectra of the FFT is not continuous, but are composed of discrete points, which 
are separated at intervals relative to the capture rate of the signal and the total time 
over which the recording was made. Thus, for every signal taken from the floor, each 
of which was recorded over of 4.096 seconds at a rate of I kHz, the spectral points are 
1000/4096 (i.e. « 1A) Hz apart. Therefore, a value of say 5.86Hz is not resolved to the 
nearest 171000th Hz but represents a value of 5.86( ± l/8th)Hz. Similarly, the 
frequencies obtained from the floor after damage have the above resolution 
characteristics, which makes the interpretation of actual frequency change difficult to 
define precisely. However, consolation must be drawn from the results as the pre and 
post-damage autospectra gave consistent frequencies at each stage of testing, i.e. pre- 
damage results are consistent and post-damage results are consistent for the three 
measurement locations.
Therefore, for the purposes of this study it is assumed that the frequency change was a 
result of the imposed damage and that the amount by which these frequencies have 
changed is an indication of the damage extent.
6.2.3.2 Peak spectral response amplitude
The amplitude of the spectral peaks gives some indication of the mode dominance 
corresponding to the location at which the response was measured. For example, the 
autospectrum for location 1 (see Figure 6.2) illustrates that the motion of the floor at a 
frequency of 5.86( ± l/8th)Hz (pre-damage) dominates the total response, while higher 
frequency modes participate to a smaller extent. Similarly, but slightly more 
complicated, location 2 has motion dominated by oscillations at 6.84( ± 1/81 )Hz (pre- 
damage). This information is useful when defining the vibration modes of the 
individual floor bays, where dominant amplitudes can usually indicate the 
fundamental behaviour of the region at which the measurements were taken.
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In the context of damage detection, it may also be possible to use this information to 
reveal the changes that may occur (in a relative sense) to these amplitude peaks that 
could signify a change in the behaviour between pre-and post-damage response. 
However, it would be unwise to follow such an assumption with the information 
presented by the autospectra as the detail regarding the input response is not known. 
Relative amplitude cannot be assessed accurately as the level of input force from the 
heel-drop test may be different for each test making a relative comparison difficult to 
estimate. Therefore, these amplitudes are included only to demonstrate the magnitude 
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Figure 6.2 - Autospectra information from the damage-affected region of the slab: 
(a)+(b) location 1, (c)+(d) location 2, and (e)+(f) location 3.
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6.2 A Post-damage mode shape corresponding to the fundamental mode of bay 2
The mode shape associated with the fundamental mode of bay 2 (9mx6m) was 
measured using two accelerometers and a single forced vibration exciter. Using the 
method described in chapter 3, where one accelerometer is used as a traveller, and the 
second as the reference, the amplitude of the floor vibration corresponding to the 
locations show in Figure 6.3 were measured. The normalised magnitude of the 
response at these locations was then achieved from a simple ratio of 'traveller' to 



















Figure 6.3 - Normalised peak amplitudes at various locations of bay 2 (9mx6m) 
corresponding to the post-damage fundamental frequency. (Ref. = 
location of the reference accelerometer and the position of the eccentric- 
mass exciter used to induce the vibration).
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6.3 Predicting the Natural Frequency of the Floor
To examine if the imposed damage can be related to the natural frequency changes, an 
adequate model of the floor should first be available. This section discusses studies 
that have been proposed by various authors to accomplish this condition.
6.3.1 Semi-empirical definitions of floor natural frequency
Uchida et al (1993) compiled measurements of natural frequency and dynamic 
deflection for composite steel / concrete floor beams taking into account a variety of 
floor-span to structural-mass ratios. The aim of the work was to identify a 
mathematical expression that could be used to predict the deflection of these 
structures, caused by impact loads such as footfalls and the dropping of weights. This 
was achieved using a mathematical expression based on a 'Timoshenko' beam 
element, but it was also shown that measured natural frequencies approximated to a 
simple expression of the form,
4496
where f0 and L are the fundamental natural frequency in Hz and the floor span length 
in metres respectively. However, the degree of correlation, between the expression 
and the measured data, was not discussed with the presented results showing 
significant scatter about this best-fit equation.
Murray and Alien (1993) considered the calculation of floor slab frequency as a 
parameter that could be related to static deflection estimates. The expression proposed 
by these authors was given by,
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where Sjrfl,,-c is the deflection of the floor caused by its self-weight. This expression has 
a similar form to that identified by Wyatt (1989), that was given as,
18
= (6.3)
Unfortunately, in both cases no measured frequencies were given to justify the 
accuracy of these expressions.
6.3.2 'Closed-form' mathematical predictors of floor natural frequencies 
6.3.2.1 Calculating natural frequencies neglecting floor continuity
The structural behaviour of continuous floors, subject to static loading, follow strict 
rules that have now become acceptable methodologies for design. Examples are codes 
of practice such as BS 5950: Part 4 (1994) for composite structures, and BS 8110: Part 
1 (1997) for concrete members where research and practical experience has been 
combined to offer reliable but simplified mathematical formulations for use in design. 
However, such 'simplified' rules have also been repeatedly shown to provide 
unreliable results when considered in the context of vibration analysis. Williams and 
Waldron (1994), for example, compared the natural frequencies obtained from the 
response measurements of various building floors to mathematical predictions 
assuming simple behaviour. One predictor used for the comparison was defined as an 
'equivalent beam model' or 'EBM', which was chosen as it matched the assumptions 
considered for the static analysis of the floors. The expression was given as,
f = - —— (6.4)
Jo ^ A/ 4 v '
where f0 is the fundamental frequency, E and / are the Young's modulus and bending 
inertia of the structure respectively, while m and / define its mass and span length 
assuming simple rotationally free supports. In all cases considered, which included 
structures such as concrete beam and slab, ribbed floors, flat slabs, waffle slabs, pre-
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cast T' beams and composite floors, the results of eqn.(6.4) underestimated the actual 
measured frequencies. The discrepancy ranged between 17% to 54% relative 
differences, with the authors concluded that the EBM was not appropriate for use with 
real floor structures. The equivalent-plate approach, which was identified by 







was also found to give inaccurate results when compared to similar measurements. As 
a results, Williams and Waldron (1994) proposed an amendment to eqn.(6.5) adjusting 




where lx and ly are the equivalent-plate plan dimensions, h its thickness, and v the 
Poisson's ratio of the floor material. Equation (6.7) was found to provide a better 
comparison with measured frequencies, but the authors pointed-out that the 
assumption of a simply supported perimeter, which forms the basis for the formulation 
of eqns.(6.5) and (6.7), is unrealistic. This is due primarily to the assumption that the 
perimeter regions of the equivalent-plate imposes a 'zero-displacement' boundary 
condition, which from a comparison with measured mode shapes from continuous 
floors, was found to be inaccurate.
6.3.2.2 Calculating natural frequencies of floors with continuity
Feltham (1991) offered a number of proposals to simulate the behaviour of floors 
taking account of the continuity between adjacent floor regions. Focusing primarily 
on the analysis of post-tensioned concrete floors, mathematical expressions were
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produced for use with flat and waffle slabs, which included provisions for structures 
with or without stiffening 'on-grid' beams. The expressions given were for two-way 
spanning structures supported by regularly spaced columns comprising nx number of 
bays, each of length lx, and ny bays of ly length. The expressions given were: 










and *= 1 + (6 ' 10b)
The calculated frequencies obtained when using eqns.(6.8) to (6.10) inclusive take 
account of vibration modes involving multiple bay motion. Therefore, the x and y 
subscripts denote whole-slab vibration dominated by motion of coupled adjacent bays 
in the x and y directions respectively. The properties of the slab being defined in the 
usual manner, with Young's modulus, bending inertia and mass per unit area 
abbreviated by E, m and / respectively.
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(b) without stiffening beams:
W,-(/,-/»)











Williams and Waldron (1994) considered the proposals of Feltham (1991) in their 
studies (identified above), concluding that the expressions gave natural frequencies 
that were not-only more accurate than the equivalent-plate equation, but also allowed 
orthotropic floor characteristics to be included in the calculations. However, due to 
the assumption that the bay dimensions lx and ly are equal for all bays, these authors 
found it difficult to obtain accurate calculations when compared with measurements 
taken from floors not comprising equally spaced column grids.
6.3.3 Calculating the natural frequencies of floors using finite element analysis
It has been mentioned that natural frequency calculations using mathematical 
expressions have their limitations, especially with regard to assumed boundary 
conditions. To overcome these apparent weaknesses, many researchers have turned to 
analysis using numerical methods, which allow more complex behavioural patterns at 
the floor perimeter to be considered. Pavic and Waldron (1996) and Plum and 
Svensson (1993), for example, reported on studies that compared the frequencies from 
measured response signals to the results calculated using FE analytical methods. The
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former of these authors praises this form of analysis, concluding from mode shape and 
frequency comparisons that a high degree of correlation could be achieved. Indeed, 
the FE method was shown in chapter 4 to offer approximate results for a whole 
building frame, making it a universally applicable tool for a range of problems.
6.3.3.1 Material Young's modulus for dynamic analysis
There has been debate for some years as to the correct assignment of material Young's 
modulus ("£") when compiling analytical models of structures for dynamic analysis. 
Pavic et al (1997b) gave a discussion on a number of published reports that offered 
mathematical expression to the calculation of appropriate "£" for concrete when 
assessing the dynamic behaviour of floors. Focusing on non-composite floors, these 
authors described a wide variety of proposals for this calculation, each being the result 
of extensive experimental examinations on laboratory concrete specimens. However, 
attention was drawn to the significant differences of the "£"' value that was achieved 
from the proposed expressions. These differences were seen by the authors to be 
dependent on the chosen method of testing adopted, which was ultimately reliant on 
the "... rate of straining during dynamic application of loading". Finally, the authors 
suggested that, for the analysis of natural frequencies, the Young's modulus of normal 
weight concrete could be obtained from,
where ^ = 11 + 0.0032<7C 2 (6.14)
.136ac +3.29xl(T15 ac 8 ' 273 (6.15)
and o-c is the uni-axial compressive strength of the concrete from standard laboratory 
cylinder tests. Applying the Ec value achieved from the above expressions to the 
analysis of a concrete floor, the authors found that a good correlation with measured 
frequencies could be gained. This conclusion was the result of comparisons made 
between the analyses of the floor assuming "£" values appropriate to static load- 
induced strain, and that from the aforementioned expressions where the latter was said 
to give better estimates. However, it should be noted that the above expression does
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not take account of the strain amplitude dependence of the Young's modulus, which 
was the main criticism of the study prepared by the aforementioned authors.
Other, less complicated suggestions were also given by Murray and Alien (1993) 
where a simple multiplication of 1.2 to the static load-induced-strain Young's modulus 
was proposed. However, Wyatt (1989) stated that reliable frequency calculations can 
be achieved using values of Ec = 38kN/mm2 and Ec = 22kN/mm2 for normal and light­ 
weight concrete respectively.
6.3.3.2 Modelling the boundary conditions of floors
The added flexibility offered by a FE model, especially with regard to the 
interpretation of boundary conditions, is probably the most attractive aspect of such an 
analytical tool. Unlike the mathematical models identified earlier, there are no 
restrictions governing the arrangement of columns, or the locations of stiffening 
beams, as these can be chosen and included to suite the configuration of the structure 
being considered.
However, this added flexibility also has associated uncertainties. There is often 
question over the correct interpretation that should be used when modelling the 
connectivity of structural members, and on how these parts affect one-another when 
combined in the model. Floor continuity and the restraining properties at structural 
connections are often such examples that need particular attention in this regard. 
Pavic et al (1997) for example, when calculating the natural frequencies of a concrete 
floor with the FE method, chose to simulate the continuity of the structure by applying 
a vertical displacement restraint at locations that coincided with perimeter beams. 
This philosophy assumed that the perimeter beams, which were significantly more stiff 
than the within-span slab of the floor, effectively produced a 'zero-displacement' 
boundary. Although this assumption has an acceptable and meaningful basis, the 
rotational restraint properties of the same boundary were not discussed.
Wyatt (1989), on-the-other-hand, gave a number of recommendations on how to 
interpret the boundary conditions in such situations stating that "... design provisions
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for simple supports will not generally, in practice, act as such in dynamic situations. 
Large floor areas may thus act as if structurally continuous". Relating such comments 
to the analysis of floors, comprising steel and concrete parts, and remembering the 
relevant discussion outlined in chapter 5, it is clear that structural continuity must be 
born in mind when modelling structures with adjoining members.
6.4 Calculating the Pre and Post-Damage Frequencies of the Building Floor
6.4.1 Calculations based on the semi-empirical and mathematical relationships
Table 6.2 and 6.3 give the calculated fundamental natural frequency of the building 
floor using the relationships identified in the previous discussion. The tables also 
identify the section property information, which were used in conjunction with the 
requirements of each expression. The calculations are based on a 'smeared' 
interpretation of the actual floor properties. For completeness the results of Tables 6.2 
and 6.3 have been presented in a graphical form, which are presented by Figures 6.4 
and 6.5 respectively.
Observations:
The results of Figures 6.4 and 6.5 show that all calculated natural frequencies
approximate to the measured fundamental values, but the accuracy of the predictions is
subjective.
(i) Uchida et al (1993): Calculations based on the simple expression by these 
authors has provided results that are surprisingly close to the measured values. 
However, a calculated percentage deviation of approximately ±10-15% is not 
acceptable for use with damage identification. Combined with its overall 
simplicity, this method will not offer the flexibility required modelling any 
structural property variations.
(ii) Murray and Alien (1993) and Wyatt (1989): The calculated frequencies obtained 
using the expressions proposed by these authors depend on estimations of the 
mid-span displacement of the floor bay. To obtain this estimate, the
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recommendations of Wyatt (1989) were incorporated, where the total self- 
weight deflection of the floor bays was calculated from a summation of the 
displacement computed for each structural part. The resultant natural frequency 
value has a more meaningful interpretation, as the displacement and deformation 
patterns are similar to the assumed deformed profile of the floor during 
fundamental mode vibration. The calculated frequencies obtained are again 
close to the measured values, with a small margin of error being achieved for 
bay 1. However, these methods lack versatility when considered in the context 
of damage identification, as it is difficult to estimate the effect that adjoining 
bays will have on the displacement of the floor, especially at the bay perimeter.
(iii) Williams and Waldron (1994): The approach by these authors enables 
orthotropic properties to be considered. This has been achieved by formulating 
the expression relative to the structural depth of the floor. However, the method 
is applicable more appropriately to solid and ribbed concrete slabs, which is not 
strictly the case with the floor considered here, as steel members are also 
present. Nevertheless, approximate frequency values have been achieved, which 
for the 9mx6m bay is surprisingly close.
(iv) Feltham (1991): To make use of the proposals by Feltham (1991) the floor was 
considered in two ways, (i) Assuming the floor comprised 9mx9m bays, and (ii) 
assuming 9mx6m bays. These assumptions were necessary, as the proposed 
expressions have been formulated for application to floors with repeatable bays 
of similar size. The results achieved relate to the behaviour of the floor 
assuming vibration about the major or minor stiffness axes, thus giving two 
frequency values. The column layout and the assigned section properties dictate 
these axes. With regard to the latter of these points, a 'smeared' approach was 
adopted where the section properties of the bay about each of its axes were 
calculated as a whole and then converted to provide a 'per-unit-width' value. 
The lower of the calculated values should thus signify the fundamental 
frequency of the floor, which was achieved from the^, predictions. Therefore, 
the calculations suggest that the x direction of the slab (EW of building) has a 
smaller stiffness compared to the y direction (NS of building), which is a true 
indication of the actual floor property-proportions. In addition, the calculations 
give close approximations to the measured values with a consistent error for
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both bay 1 and bay 2, which is surprising considering that the actual column 
arrangement was not modelled for these calculations. However, the method was 
formulated to take account of the continuity of the floor, which in the case of the 
imposed damage (described earlier) would not allow the possible effects of 
discontinuity, caused by the damage, to be examined.
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Table 6.2 - Calculated fundamental frequencies of the building floor using expressions 
proposed in literature as referenced - Bay 1: (9mx9m bay)
Reference
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= Measured natural frequency 
| = Calculated natural frequency
Figure 6.4 - Comparison of measured and calculated fundamental frequency for bay 1 
showing (a) the calculated values, and (b) the percentage difference 
between the measured and calculated values.
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Table 6.3 - Calculated fundamental frequencies of the building floor using expressions 
proposed in literature as referenced- Bay 2: (9mx6m bay)
Reference
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= Measured natural frequency 
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Figure 6.5 - Comparison of measured and calculated fundamental frequency for bay 2 
showing (a) the calculated values, and (b) the percentage difference 
between the measured and calculated values.
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6.4.2 Modelling the floor using a FE approach
To take account of floor bay perimeter modelling uncertainties, simplified by the 
expressions discussed previously, three analytical models were considered using the 
FE method. Each model comprised the properties of the floor around the region 
affected by the damage. These analyses were prepared to simulate the properties of 
the floor in two ways, (i) Assuming localised bay behaviour, and (ii) assuming 
continuity of the floor over the width of the building using three adjoining bays.
The Oasys GSA computer program was used to compile the FE models where the 
floor was represented using a 'grillage' method as described by West (1973) and 
Hambly (1991). This method has been accepted world-wide as an approach for the 
analysis of bridge decks, but can offer equal reliability to other structural forms such 
as composite steel / concrete building floors. The analysis is possible due to the 
similarity between the deck configuration of composite building floors and the 
arrangement of a bridge deck, where section properties are apportioned to members 
based on a chosen grid layout. The collective behaviour of the grid, comprising the 
properties of these members, is therefore assumed to characterise the structure as a 
whole, which in turn can be modelled using conventional FE analysis.
6.4.3 Description of the FE models - the assigned structural properties
The properties given in this section refer to the structure in a pre-damage condition 
where all structural elements have properties appropriate to the building in its 'as- 
constructed' form. In all cases, the Young's modulus for the concrete and steel was 
assumed to be 22kN/mm2 and 205kN/mm2 respectively, which is in accordance with 
the recommendations by Wyatt (1989).
6.4.3.1 Models 1 and 2-the localised bays
Models 1 and 2 are representative of the individual floor bays bound by columns that 
form the 9mx9m (bay 1) and 9mx6m (bay 2) grid respectively. Figure 6.6 illustrates 
the dimensional aspects of these models, where a member property referencing system
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is also included. Table 6.4 presents the properties assigned to the models, which 
contains information that is common to both bay types.
6.4.3.2 Model 3 - the continuous floor model
The third model combines the properties of 1 and 2 above, simulating their 
characteristics in the actual floor where continuity between the bays is assumed. The 
model represents an idealised strip of the floor, which includes the properties of its 
structural members over the entire width of the building from the north to the south 
sides. The overall dimensions of the model are 21mx9m and are shown in Figure 6.7 
with the member property referencing system corresponding to Table 6.4.
6.4.4 Pre-damage modelling assumptions 
6.4.4.1 Grillage element connectivity
(i) Element connectivity throughout the floor area - All nodes of the grillage model 
simulate the continuous nature of the floor with full fixity being assigned 
between connecting elements. This assumption ensures that the rotation and 
displacement of the grillage is distributed throughout the model according to the 
structural stiffness proportions of the discrete members.
(ii) Composite steel / concrete element connectivity - The connectivity of the 
grillage elements that represent the composite concrete-slab and steel-beams 
were assigned full fixity at their connecting nodes. The distribution of rotation 
at the connecting regions of beams that join perpendicular to one-an-other is thus 
assumed to be directly proportional to the torsion stiffness of the composite 
beam. Relative rotational movements that may occur at the beam to beam 
connections have therefore been neglected, which is consistent with the 
recommendations of Wyatt (1989) cited earlier. This assumption also takes 
account of the studies by Nader and Astaneh (1991) and Aoki (1996) where full 
fixity conditions was found to occur at the joints of steel frames when vibrating 
at the lower natural frequencies.
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(iii) Connectivity at columns - Composite beam elements that connect to the 
columns are assumed to be rotationally rigid at the connection point. Therefore, 
to assess the vibration behaviour of the floor it is assumed that the column / 
beam connection offers significant rotational restraint [again as suggested by 
Wyatt (1989)].
6.4.4.2 Modelling the continuity at the perimeter of the bays
To simulate continuity in the slab at the perimeter of the bays a 'grounded spring' 
element was used, which allowed the rotational restraint characteristics imposed by the 
slab of adjacent bays to be considered. These grounded springs were located at the 
positions in the models as indicated by Figures 6.6 and 6.7, which allowed the 
rotational fixity of the slab to be examined ranging from completely free to fully 
restrained.
6.4.4.3 Other boundary-conditions
To ensure that the models gave results that reflect the behaviour of the floor as closely 
as possible, a number of additional boundary conditions were introduced. These 
boundary conditions were considered to be applicable to all models and were also 
assumed to remain consistent for both pre and post-damage states, 
(i) To simulate the significant in-plane stiffness of the floor, all in-plane 
displacements and rotations were fixed, i.e. by defining 'zero in-plane- 
displacement' and 'zero in-plane-rotation' at every node of the model [i.e. no 
membrane direct or shear action after Davies and Fisher (1979)]. 
(iii) In addition to the rigid out-of-plane rotation assigned at the beam to column 
connections, it was assumed that each column provided a 'zero-displacement 
boundary' both in-plane and out-of-plane to the floor.
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6.4.5 Post-damage modelling assumptions
The location of the damage offered a unique opportunity to assess the effect of 
discontinuity at the perimeter of the bays within the floor. To model this behaviour, 
two approaches were considered, both of which focused on the properties of the 
concrete slab alone assuming no damage to the steel parts of the structure.
6.4.5.1 Models 1 and 2 - the localised bay models
To model the discontinuity at the location of the observed damage, the properties of 
the grounded spring elements were studied. Assuming that the damage had the effect 
of altering the restraining properties provided by adjacent bays, the defects were 
quantified relative to the change in the magnitude of the restraint relative to pre- 
damage calibrated characteristics.
6.4.5.2 Model 3 - the continuous floor model
To examine the effect of discontinuity at the damaged perimeter of the continuous 
floor model, a similar approach as described above was adopted. However, for the 
damage located at the connection between bays 1 and 2, a 'zero-length spring' element 
was used, which allowed the continuity of the slab to be considered assuming varying 
joint restraint stiffness at the connecting nodes. The locations of these elements, 
appropriate to the location of the observed damage, are illustrated in Figure 6.6.
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Table 6.4 - Section properties corresponding to the grillage members indicated by 





























































(Abbreviations - B = Composite beam, L = Longitudinal slab and T = Transverse slab. 
These abbreviations also relate to the lettered definitions given in Figures 6.6 and 6.7).
Other notes:
The symbol "®" indicates that the quoted torsional constants are based on the 
properties of the steel beam alone, with the contribution of the slab in this regard being 
neglected. This interpretation was considered so that the properties assigned to the 
'grounded spring' elements would then represent the total rotational restraint of the 
slab at these regions. Similarly, the symbol "©" relates to the torsional constant value 
of the transverse beam, which will refer to a value corresponding to the steel beam 
alone for the perimeter beams of models 1 and 2. All other torsional constants were 
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Figure 6.7 - Illustration of the grillage model 3 that represents the idealised properties 
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6.5 The Calibration Parameters for the Modelled Floor Areas
6.5.1 The calibration methodology applicable to the floor
The proposals given in chapter 5, in relation to the calibration of natural frequency, 
has universal applicability to many problems involving structural stiffness properties 
that may be subject to variation. To calculate the natural frequencies of the modelled 
floor bays, for a variety of restraint conditions at their perimeter, an identical 
calibration methodology to that of chapter 5 was considered here.
6.5.2 Rationalising the boundary variables
Within the scope of any analytical problem, where assumptions are made regarding the 
interpretation of structural behaviour, there is likely to be a degree of variation 
between assigned-modelled properties and the actual characteristics of the real 
components. Similarly, components of assumed identical properties might actually 
possess slightly different characteristics in the structure, even though they comprise 
comparable attributes.
Fully appreciating these possibilities, a rationalised approach to the calculation of the
perimeter restraint variables was considered. The principal assumptions adopted were
as follows.
(i) The calculated bending inertia for the composite beams, at the perimeter of the 
floor bays (i.e. coincident with the grounded spring element locations), was 
assumed to reflect the vertical restraint of the continuous slab at these points. 
Thus, the assumption that these zones produce a 'zero-displacement boundary', 
as discussed by Pavic et al (1997), was not imposed.
(ii) The magnitude of the rotational restraint assigned to the 'grounded spring' 
elements for all models was assumed to be equal for each location on the bay 
perimeter. This approach was used, as the aim of the study was not to quantify 
precisely the restraint properties, but to establish their variation from the pre to 
post-damage conditions. Therefore, the spring elements located along the north 
to south bay perimeter (relative to the building layout) are assumed to
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characterise the contribution of the minor bending-stiffness axis of the adjoining 
slabs, while the east to west extremities are representative of major axis slab 
properties.
(iii) A similar assumption is also applicable to the 'zero-length-spring' element that 
was used to model the damage in the continuous model (model 3), where 
constant properties were assumed over the length of the region modelled to 
simulate the discontinuity.
(iv) The section properties calculated for the pre-damage condition (see Table 6.4) 
were assumed to remain unchanged when assessing the post-damage state. The 
bending inertia (Ix) of the slab itself was, therefore, assumed not to change as a 
result of damage. The torsion constant (Q of the affected members was, 
however, assumed to reduce to a value dependent on the steel beam properties 
alone for the post-damage state.
(v) Throughout all FE calculations the weight of the floor was incorporated into the 
element section properties by assigning the mass of the constituent parts relative 
to the configuration of the grillage [as discussed by West (1973)]. This enabled 
the natural frequencies to be calculated using a 'consistent mass-matrix' 
approach, which was selected from the 'dynamic specification module' within 
the GSA program. Other masses, which are associated with the perimeter block- 
work wall, were defined using lumped mass elements.
6.5.3 Mathematical relationship of calculated natural frequency for varying 
restraint conditions
The mathematical relationship that describes the variation of natural frequency for 
varying joint restraint has been discussed in chapter 5. However, to accommodate a 
broader band of restraint magnitudes, which was observed from the analyses 
conducted with all floor models, a modification to eqn.(5.3) of chapter 5 was required. 
The expression more appropriate to the results obtained from the analysis of the floor 
was achieved from a definition of P as follows,
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tanh
ki (6.16)
where p is the restraint magnitude on a scale from "l.OxlO"6" to "1" for pinned and 
fully fixed conditions respectively, and £ controls the fit of the expression to the FE 
calculated frequency-variation-pro file (FVP). A value of £ = 0.99 was found to give 
good results. Therefore, P (0 < p < 1) varies according to the value of p, allowing 
floor natural frequency to be calculated from,
(6.17)
where subscripts p and q indicate the frequencies from pinned and fixed perimeter 
restraints respectively.
6.5.3.1 Frequency-variation-profile obtained from the models with varying perimeter 
restraint
The FVP's obtained from the models, imposing the perimeter restraint and general 
modelling conditions outlined earlier, are shown by the graph of Figure 6.8. To clarify 
the definitions used in this figure, the following abbreviations are introduced, which 
relate to the floor area shown in Figure 6.9:
fj = fully restrained perimeter at "A" with fully restrained perimeter at "B"
/2 = free perimeter at "A" with fully restrained perimeter at "B"
f3 = fully restrained perimeter at "A" with free perimeter at "B"
f4 = free perimeter at "A" with free perimeter at "B"
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6.5.3.2 Graphical interpretation of the formulation for the assessment of floor 
perimeter restraint
It is seen from Figure 6.8 that the frequencies calculated for the various conditions// 
to/4 provide profiles that are different for each case, which is unlike the solution seen 
from the analyses in chapter 5. However, this variation too can be accommodated 
using a graphical approach. To encompass all possible restraint variables, a more 
appropriate graph for this case is shown by Figure 6.10. This graph satisfies all 
possible combinations of restraint and was formulated to embody the characteristics of 
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6.5.3.3 Calculating the calibration variables ($m ^2,3,4) corresponding to pre-damage 
frequencies
To obtain the variable p, which corresponds to the pre-damage natural frequency 





, when (/$</m </0 (6.18b)
1/1-/3J
Pa.3 = K" ~ {2 [ +1. When CA <fm </2) (6.18c) 
l/2~/4 J
r/ _/,i
Pm4 = r " ;. +1. when (A </„ </3) (6.18d)
1/3-/4 J
where pm indicates dependence on the measured pre-damage frequencies (fm) and the 
subscripts 1 to 4 relate to those included in Figure 6.10. Therefore, to calibrate the 
perimeter of the floor models, and to define any desired number of combinations, only 
the frequencies corresponding tof\,f2,fi,fn andfm are required.
6.5.3.4 Calculating the calibration variable ($4) corresponding to post-damage 
frequencies
The combination of models 1 to 3 allows a rationalised approach to the calibration of 
the post-damage frequencies, which is described later. In essence, the calibration is 
achieved from a single FVP that depends on two extreme fixity conditions. This 
profile was assigned a calibration variable (P^), which can be calculated from a 
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where subscripts a and b indicate extreme restraint conditions of free and fixed 
respectively. p,/ shows dependence on the post-damage frequency. The graph 
applicable to eqn.(6.19) is given in Figure 6.10.
6.5.3.5 Example use of the proposed graphical method
To demonstrate the use of the graphical method, consider the results obtained from the 
9mx9m bay (model 1) for mode 1 as follows:
/, = 7.80Hz,/2 = 7.65Hz,/3 = 6.22 Hz and/4 = 5.72Hz.
Table 6.1 gave the measured pre-damage natural frequency as fm = 5.86Hz for this 
floor bay, which from eqns.(6.18c) and (6.18d) gives,
pm3 = 0.072 and pm4 = 0.282
respectively. The perimeter restraint (p) combinations relating to these pm values are 
obtained by joining a straight line between the p values (corresponding to pm above), 
from which all possible perimeter restraint combinations are defined. Therefore, to 
obtain a model that will yield a natural frequency of 5.86Hz, the following are two 
possible perimeter restraint combinations that could be imposed:
• Possible condition 1 - restraint at "A", p * lOxlO'6 , restraint at "B", p = IxlO'6
• Possible condition 2 - restraint at "A", p = IxlO'6, restraint at "B", p » 400x10'6
6.5.4 The approach adopted to calibrate the floor models
The calibration methodology presented enables a wide range of possible restraint 
combinations to be considered. However, a rationalised approach to these conditions 
is proposed to give the calibration a more focused out-come. The assumptions 
considered were as follows.
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6.5.4.1 Calibrating the models with measured pre-damage frequencies
(i) The perimeter restraint (p) at "B" was estimated from model 3, as the continuous
nature of the slab for perimeter "A" was embodied in the characteristics of the
model itself, 
(ii) The p value obtained from (i) above was assumed to represent its value
applicable to models 1 and 2, allowing the perimeter restraint at "A" to be
identified.
6.5.4.2 Calibrating the models with measured post-damage frequencies
The calibrated p values from the pre-damage condition, at the locations un-affected by 
damage, were assumed to remain un-changed while the affected parts of the models 
were re-calibrated. To determine these adjustments, the natural frequencies of the 
models were re-evaluated by assuming that the restraint at the affected perimeter only 
would vary as a consequence of damage. Therefore, using a similar procedure to that 
considered when assessing the effect of varying restraint at the pre-damage bay 
perimeter, the FVP corresponding to the varying restraint at the location of the damage 
alone was examined.
(i) Re-calibrating model 1 - As the damaged part of this model was along one side 
of the bay, the P^ value was used to signified the change of restraint from a 
comparison with the initial calibrated results achieved at the pre-damage stage, 
(ii) Re-calibrating model 2 - To re-calibrate model 2, which is effected along both 
the "A" and "B" boundaries, required a similar approach to that considered for 
the bay at the pre-damage condition, i.e. the parameters of pm i to pm4 were re- 
evaluated relative to the post-damage frequencies. This was necessary as 
models 1 and 2 represent different floor vibration modes thereby making it 
difficult to relate the findings of the re-calibration for (i) above to that of model 
2 (the perimeter restraint of dissimilar modes has differing affects on the modal 
behaviour). Therefore, a re-calibration allowed a comparison to be made 
between pre and post-damage characteristics.
(iii) Re-calibrating model 3 - Model 3 was examined by imposing the restraint at 
"B" from (i) and (ii) above (appropriate to the mode being considered) so that
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the properties of the 'zero-length spring' element could be correlated with the 
post-damage frequencies using prf . In this case the properties of the 'zero-length 
spring' were varied from p = IxlO"6 to 1, simulating a rotationally free or fully 
continuous element connection respectively. This provided a measure of relative 
change that could further be used to quantify damage.
6.6 Calibration Results for the Pre and Post-Damaged Floor
6.6.1 Results of the calibration using the measured natural frequencies
Table 6.5 presents the calibrated results for the pre-damage floor, while Tables 6.6 and 
6.7 contains the findings appropriate to the post-damage frequencies.
6.6.2 Comparison of measured and calibrated mode shape results
The normalised peak amplitude results obtained from the floor at bay 2 were identified 
earlier in this chapter. This information, which represents the mode shape of the floor 
bay vibrating at its fundamental frequency, can be compared to the solution gained 
from analysis to assess the accuracy of the calibration processes adopted.
The mode shape solution resulting from model 2 was used for comparison with the 
measured results, as this model represents the area of the floor over which the 
measurements were taken. Figure 6.11 shows these comparisons, which for 
convenience and clarity have been prepared to illustrate the results at 'sections' of the 
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Table 6.7 - Calibrated results for the post-damaged floor (Models 1 and 3 only)
Mode u /. /* Prf Reference to damage at perimeter only
prf at "A" prf at "B"






















































(All frequencies in Hz, i.e. cycles per second, other values are dimensionless. p,/ 
stipulates that the perimeter restraint is relative to the value of/}).











Figure 6.11 - Comparison of measured and calculated mode shape results using the 
analytical solution gained from model 2. 'Section' referencing system 
shown refers to the information displayed in Figure 6.12.
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X = Measured values
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Figure 6.12 - Post-damage measured and calculated mode shape information for bay 2
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6.6.3 Using the calibrated results to quantify damage
The aim of the study was not to calculate the actual restraint properties at the floor bay 
perimeter, but was to quantify the 'change' between result sets based on similar 
numerical modelling assumptions. The calibrated models, appropriate to the observed 
damage of the 5 th floor of the steel-framed building, are shown in Table 6.8.
6.6.4 Observations and discussion of the calibrated results
Before discussing the results achieved from this process it is worth reflecting on the 
properties of the FVP itself to recognise its main characteristics and to interpret the 
values that have been obtained.
6.6.4.1 Using the FVP values o/(pm) and (p<i) to quantify damage
The perimeter restraint that forms the basis of the FVP varies from a value of p = 
IxlO"6 to 1.0, where the former value represents a rotational restraint magnitude of 
0.0001% of the latter. The FVP represents the transition of fixity between these two 
extremes, but it should be remembers that a restraint level of 1% (i.e. p = 0.01) of full 
fixity attains a natural frequency corresponding to 95% of its value at 100% fixity. 
This demonstrates that a rapid change of frequency occurs over relatively small 
restraint levels, making the FVP sensitive to small change for structural parts that are 
close to being rotationally free.
Another observation seen from the FVP is that a restraint value of 0.1% (p = 0.001) 
corresponds to fixity that is neither 'fixed' nor 'pinned', i.e. precisely at the transition 
point between the two. This represents a division point where restraint levels smaller 
than this value tend to a pinned condition, while values larger tend more to a fixed 
condition.
With these features in mind the effect of damage can be gauged by relating the value 
of p, for the pre and post-damage states, to assess the relative fixity change.
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Therefore, the 'level' of observed damage calculated from the calibration was as
follows:
(i) Results from model 1: The pre and post-damage restraint at the damage-affected 
perimeter for mode 1 was seen not to change, as there was no change in the 
measured frequency between the two conditions. Modes 2 and 3, however, 
suggest that the damage reduce the perimeter restraint at "A" to 17.5% and 
11.1% of the pre-damage calibrated level respectively.
(ii) Results from model 2: Similarly, a definite change to the perimeter at "A" and 
"B" are seen, representing 25% and 50% respectively for mode 1, and 20% and 
6.7% respectively for mode 2.
(iii) Results from model 3: Model 3, which represents a more 'realistic' 
interpretation of the perimeter between bay types 1 and 2, also indicates change 
between the pre and post-damage calibration. However, it can be seen that the 
change of restraint (p) for this model is more significant. This demonstrates the 
difference between the localised bay models and that of the continuous form, the 
former of which being dependent on extreme fixities represented by conditions 
that range from either fully fixed or fully pinned restraint. Based on the results 
of model 3, the calibration at the affected region of perimeter "A" suggest that 
the damage changes the characteristics of the floor from a continuous 
assumption to one that approximates to the transition point that is neither 
continuous nor completely pinned. The damage, therefore, appears to induce 
discontinuity of the floor at concrete slab level with a reduction of restraint that 
is between 0.1% to 0.4% of the pre-damage calibrated results.
6.6.4.2 Choosing appropriate restraint (p) values
The results of Table 6.8, and the graph of Figure 6.10, clearly show that there is a wide 
range of possible restraint combinations (p) that will give identical natural frequency 
values from the calculated (3 parameters. It seems from the amount of information 
available relating to the pre and post-damage measurements that there is no clear 
method to allow an accurate assignment of restraint levels. The approach adopted here 
has attempted to rationalise this procedure, which enabled quantitative properties of 
damage to be identified, but again the actual proportions that would be appropriate to
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the damage could not be determined precisely. However, in all cases where the post- 
damage frequency is less than the pre-damage measurement, the restraint combination 
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6.6.4.3 Observations from mode shape comparison
The calculated mode shapes in Figure 6.12 are (i) the results gained prior to calibration 
(i.e. before calibration to the pre-damage frequencies) and, (ii) those achieved after 
calibration of the post-damage frequencies. The solution that would represent the pre- 
damage calibrations is not indicated, as the mode shape profiles were similar to the 
post-damage calibrated results.
It is interesting to note that the calculated mode shape, corresponding to the 'before 
calibration' results, has provided normalised vibration amplitudes that approximate to 
the measured results. However, from an observational perspective it appears that the 
calibrated results, with the restraint values imposed from Table 6.8, achieve a better 
correlation to the measured values. To determine a more accurate estimate as to which 
of the two solutions correlate to a higher degree with the measured values, calculations 
using the Modal Assurance Criteria (MAC) were carried out. Therefore, using the 
definition given by Ewins and Lieven (1988) the following is obtained,
(6.20)
where {(|>} c and {§} m are vectors containing the calculated and measured normalised 
mode shapes respectively. MAC values of 0.982 and 0.987 were calculated, which 
represent the before and after calibration values respectively. These values are not 
significantly different, demonstrating that the non-calibrated model 2 captures the 
mode shape characteristics of the bay to a reasonable degree of accuracy, with the 
calibrated results merely providing a means of 'fine-tuning' the solution. 
Alternatively, this could be viewed as confirmatory evidence that mode shapes are not 
sensitive to damage, which was the conclusion of the work by Chen et al (1995) from 
tests on steel beam members.
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6.7 Concluding Discussion
The main out-comes of the study described in this chapter are:
(i) Modelling the floor assuming localised bay behaviour for dynamic analysis 
appears to provide mode shape and natural frequency results that closely match 
those obtained from measurements taken from a localised area of the floor. The 
calibration methodology proposed will enable initial results to be further 
adjusted to obtain a closer match.
(ii) The continuous model also gave frequencies that agreed with the measurements, 
which allowed a more detailed interpretation of the floor vibration mode order. 
Thus, in general terms, this type of model can be especially useful when a 
measured autospectrum, containing many spectral peaks, needs deciphering.
(iii) From the result of the calibration it appears that the amount of restraint at the 
perimeter of each bay increases coincident with vibration mode order. Based on 
the information presented in this chapter, however, definite trends are not clear 
and as such it would be unwise to extrapolate extensively from the quoted 
restraint magnitudes.
(iv) Damage located at the perimeter regions of the bays has a definite influence on 
the perimeter restraint, which is clearer from the results of model 3. To obtain 
calculated frequencies that matched the measured post-damage frequencies, the 
restraint properties at the damage required significant reduction.
(v) The formulated FVP has allowed the effect of damage to be quantified using 
frequency as a basis for defining the changes to the perimeter restraint of the 
floor.
(vi) To quantify the damage, the calibration methodology outlined allows rotational 
restraint changes to be compared (in a relative sense) using natural frequencies 
obtained from the floor before and after damage.
(vii) The proposed method is sensitive to small changes in frequency, which is a 
consequence of the detail inherent in the formulated FVP. This degree of 
sensitivity appears to be an essential part of the damage assessment procedure, 
especially where small changes in natural frequency are observed.
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However, the following points should not be ignored:
(viii) Although three damage sites were observed on the surface of the floor 
considered here, a rationalisation of the restraint properties was introduced, 
which made it possible to treat similar boundary regions with similar properties 
- even after damage. This is a significant simplification of damage as the actual 
properties of the concrete slab, at the damaged regions, are likely to be highly 
variable.
(ix) The FVP is sensitive to small changes in frequency. However, there is an 
inherent problem in the practical use of such precision that must be placed in the 
context of the actual measuring techniques adopted. For example, if frequency 
is to be used as the indicator of damage, it is important that the limitations of the 
measurements are understood. Reflecting on the assumptions considered being 
indicative of damage in the floor, a frequency change corresponding to the 
resolution of the FFT was presumed to be sufficient to indicate damage. This is 
clearly an unrealistic assumption, especially as other possible contributors to 
frequency change, such as temperature or climate influences, have not been 
taken into account.
To accommodate (viii) and (ix), and to establish definitively if frequency change could 
be interpreted as a damage indicator, further refinement of the structure is required to 
allow detailed information to be examined. To establish if frequency and other 
dynamic characteristics, such as damping and mode shape, are sensitive to the affects 
of imposed static loads a localised study of specific parts of the structure will be 
necessary. Therefore, to continue with studies that have focused on the properties of 
the concrete slab, further investigations will be carried out into possible relationships 
between change of dynamic characteristics and the affect of static load using localised 
segments of the floor.
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CHAPTER 7
Experimental Results of Static and Dynamic Tests to Identify Damage in 
Composite Floor-Slab Panels
7.1 Introduction
This chapter contains the static and dynamic test results from eighteen steel / concrete 
composite floor-slab panels, which comprised of an equal number of two distinctly 
different sectional profiles. These section were made using segments of a steel-profile 
floor decking material, called 'ComFlor 70', which is a commercial product often 
abbreviated to "CF70". This system forms the main material used for the construction 
of the steel-frame building floors.
The load carrying performance of this floor system is discussed in chapter 8. For 
strength, it essentially relies on the composite interaction that develops between the 
steel and concrete parts, which comprise the tensile and compressive elements 
respectively. The data given in this chapter represents the detailed laboratory results of 
static and dynamic tests performed on simply supported panels made from the CF70 
system. All tests were undertaken within the structural testing facilities at the 
University of Glamorgan.
7.1.1 Aim of the static load tests
The principle aim of the static load investigation will be to evaluate the structural 
performance of the panels through a range of load intensities. The data collected from 
the laboratory tests consist of within-span displacement measurements, and concrete 
strain-distribution profile across the depth of the panels, each being recorded at 
consistent static load intervals. This data, which represents the performance of the 
panels, are used to establish relationships between the level of applied bending 
moment and the curvature of the panels. The above relationship is commonly termed 
the Moment-Curvature (M-C) relationship and is a convenient method to interpret the 
performance of structural elements subject to a range of static loads.
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7.1.2 Aim of the dynamic tests
The aim of the dynamic tests will be to produce definitive information and evidence to 
establish if it is possible to relate dynamic characteristics to the structural changes that 
occur in composite panels when subjected to static load. The dynamic characteristics 
considered in the study will include natural frequency, damping, mode shape, and 
steady-state excitation response, enabling each to be appraised to establish which is 
most sensitive to the detection of damage in composite floor panels.
7.2 Properties of the Panels and the Static Load Test Set-up
7.2.1 The geometry of standard CF70 units
The width of a standard unit is 900mm, which can be visualised as comprising of 
either three 'peak' parts or three 'trough' parts as shown in Figure 7.1. The purpose of 
the profiled appearance is to increase the rigidity of the decking, which enables the 
weight of in-situ concrete to be carried by the steel deck during the construction of the 
floor, without the need for additional supporting elements.
7.2.2 The properties of the panels considered for the laboratory tests
To explore the difference between the 'peak' and 'trough' segments, the experimental 
programme was arranged such that these parts could be treated as separate elements. 
These elements shall be termed panel types SI and S2, which are definitions 
describing the structural members formed from individual 'trough' and 'peak' regions 
of the decking respectively. The width and length of each panel was 0.3m and 2.66m 
respectively, which is similar to the specimens considered by Peel-Cross et al (1998) 
for laboratory studies carried out to examine the ultimate capacity of the CF70 floor 
system. However, the aforementioned authors considered the 'peak' part only, with 
no mention of the 'trough' region the floor. Therefore, by treating the floor as a 
system comprising a series of either SI or S2 parts, a more comprehensive study is 
possible that will highlight behavioural differences between the two assumed 
idealisations.
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To produce the localised deck segments, strips of steel were cut from the 900mm 
standard-width units. This cutting was carried out by the British Steel Welsh 
Technology Centre (BSWTC) to ensure that each panel type comprised identical steel 
deck properties. Precision cutting techniques were adopted by BSWTC producing 
clean uniform edges to the steel, which gave nine 'trough' and nine 'peak' segments 
with identical size and properties for each type.
The composite panels were made using a single mould, which was fabricated from 
plywood to predetermined dimensions by the University of Glamorgan laboratory 
technicians. The inner dimensions of the finished mould were 0.3m wide by 0.13m 
deep having an overall length of 2.66m providing an enclosed rectangular form in 
which to place the pre-prepared steel segments. The composite panels were, therefore, 
made on an individual basis by placing single steel segments in the base of the mould 
to be covered by normal weight concrete (to an overall depth of 0.13m). However, 
early trials of this casting technique highlighted that an amount of concrete grout loss 
was observed, which leaked at the interface of the steel segment and the side regions 
of the timber mould during compaction of the concrete. To prevent this loss of grout, 
which was thought may have an influence on the hydrated properties of the concrete, a 
strip of plastic film measuring 20mm in width was placed at the steel edge / timber 
mount interface to seal any possible gaps. The inclusion of this seal produces the 
desired affect.
To ensure that the panels did not form a deformed profile during the casting stage, all 
concrete casting was conducted at laboratory floor level with the underside of the 
timber form being continuously supported over its entire length. Therefore, after a 
standing period of 24 hours, at which time the concrete was considered to have 
hydrated sufficiently (to allow the mould to be re-moved), the panel was de-moulded 
and allowed to cure on the laboratory floor for a minimum period of 28 days before 
structural testing. The cross-sectional dimensions of the completed SI and S2 panel 
types are shown in Figure 7.1, which corresponds to the calculated structural 
properties defined in Table 7.1.
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Table 7.1 -Exact section properties of the laboratory panels calculated assuming the 



























(All properties listed are based on an equivalent concrete area assuming a material 
Young's modulus for steel of 210 kN/mm2 , which is stated in the literature produced 
by the deck manufacturer. The material properties of concrete are discussed in a later 
section).
7.2.3 The static load arrangement adopted for the laboratory panels
To be consistent with the static load tests conducted on composite panels by other 
authors (see chapter 8) a simply supported span arrangement was adopted throughout 
all laboratory procedures. The distance between these simple supports was consistent 
at 2.41m. Two especially fabricated steel-frames were used as the supports, with each 
incorporating a 50mm diameter steel cylinder over which the panels could be placed. 
Therefore, when in position for testing, the overhang of the panel beyond the supports 
was 0.125m at each end.
The loading arrangement was also consistent with the published reports of other 
authors, producing a four-point-bending situation, which results from the application 
of two point loads (plus the supports), each placed symmetrically about the centre of 
the panel span. Using a 1.5m-length loading-beam, these point loads were applied 
through two smooth cylindrical steel bars that were welded to one flange at precisely 
1.25m apart (measured between the centre-line of the bars). By incorporating the 
loading beam, a single hydraulic load cell could be used to apply incremental load, 
which is shown schematically in Figure 7.2. This figure also demonstrates the 
bending moment distribution induced by the point loads, clearly indicating the region 
of the span affected by a constant bending moment.
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7.3 Description of Laboratory Tests and Procedures
7.3.1 Determining the properties of the concrete used to make the panels
As part of the laboratory tests, the properties of the concrete used to make the 
composite panels were tested in accordance with the appropriate British Standard 
procedures. The principle documents consulted for this purpose have been BS 1881: 
Parts 102 (1983), 108(1983), 110(1983), 111 (1983) and 116 (1983).
To ensure that a comprehensive assessment of the concrete properties could be 
achieved, a total of six standard-sized 100mm cubes and two standard-sized 300mm 
height cylinders were cast with each panel. Of these concrete samples, half were 
cured in water at a constant temperature of 20°C for 28 days, while the remaining 
samples were cured in the same environment as the panels. Properties of the latter 
samples were obtained on the same day as the composite panel static loading and as 
such their age at the time of testing varied between 28 and 92 days.
7.3.2 Procedure adopted for the static loading of the panels
The procedures adopted for the static loading of the panels were categorised into two 
groupings. The first group, which comprised the testing of five 'SI' and five 'S2' 
panels, concentrated on the assessment of structural behaviour at successive 
incremental load magnitudes up to the failure capacity of the panel. The remaining 
eight panels, comprising of four 'SI' and four 'S2' panels, were also loaded 
incrementally, but a modified procedure was followed so that a variety of vibration 
tests could be incorporated between each load stage. Treating these groupings as 
phase I and phase II respectively. The test procedure was planned as discussed in 
sections 7.3.2.1 and 7.3.2.2.
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(Top of concrete 
when floor is complete).
Detail A 
'(Corresponds to panel SI)
Standard unit width 
Typical CF70 steel decking unit
Detail B 



















(Soffit of steel profile) 
Panel type S2
Figure 7.1 - Detail of (a) a typical single CF70 steel deck unit, and (b) a cross-section 
through the laboratory test panels
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7.3.2.1 Load sequencing adopted for the phase 1 tests
Panels tested during phase I were loaded up to their failure capacity in increments of 
0.5kN total applied load (i.e. 0.25kN at each point load). The applied static load was 
removed only when the panel under test had failed (i.e. no hysteretic quasi-static 
loading). Data was then collected at the aforementioned load increments, each interval 
















Figure 7.2 - Arrangement adopted for static loading of the panels. (Mmax represents 
the level of the maximum applied bending moment).
7.3.2.2 Load sequencing adopted for the phase II tests
Loading of the panels during phase II was carried out in similar incremental stages as 
above, but each interval was applied at 1 kN total applied load increments (i.e. 0.5 kN 
at each point load). This increment was based on two initial trial procedures 
conducted to identify the failure load and dominant failure mechanism of each panel 
type. From these tests a failure load of approximately 12kN total applied load 
(average) was obtained, with sudden in-plane shear failure at the steel-concrete 
interface defining failure of both panel types. The IkN load increment represented
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approximately an 8% increment of the failure load, which allowed static and dynamic
data to be correlated in detail throughout the full capacity range of the panels.
Therefore, the interval corresponding to the 12 kN load stage could be used as a
benchmark for the panels, with normalisation of all other load increments being
defined relative to "1".
The following points describe the principal load sequence considered for the phase II
static load tests:
(i) Before applying static load, the section strain and panel displacement readings
were noted (the location of which are identified later), 
(ii) Assemble the loading beam and apply the load interval (1 kN for the first
increment).
(iii) With the load applied, record the strain and displacement data. 
(iv) Remove the load (and loading beam) and record the strain and displacement
data, ensuring that the displacement gauges are not moved until all
measurements are noted, 
(v) Remove all displacement gauges and conduct the dynamic tests to obtain a
record of the panel condition, 
(vi) Repeat (i) through (v), but increase the loading interval in (ii) by 1 kN.
The aim of the phase II static load was thus to induce structural changes that are 
relative to the magnitude of the applied static load only, with no 'damage' being 
caused by the actions of the dynamic load. If the latter was found to occur, as a result 
of stage (v), the severity of the added 'damage' could be evaluated from the difference 
in strains noted from stage (iv) and (vi), the result being incorporated into the findings 
of the tests.
7.3.3 Methods adopted to record data during the static load tests 
7.3.3.1 Recording detailed panel section strains
Strain data was recorded at six transverse levels within the constant bending moment 
region of the span, three on each side edge of the panels. To record the strain data, a 
'Demec extensometer' gauge instrument was used, which can measure strain to the 
nearest E = 9.8x10~6 mm/mm, which represents the amount of movement between two
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fixed points. The fixed points were created with steel studs, which could be 
permanently fixed to the surface of the structure to ensure a consistent data set was 
obtained. The positions chosen for these studs for the SI and S2 panels are shown in 
Figure 7.3(a). A comprehensive data set comprising 36 strain readings for each load 
increment was achieved.
7.3.3.2 Recording the panel displacement
The in-span displacement of the panels was monitored at three positions using 
calibrated displacement dial gauges. The accuracy of the gauges allowed the panel 
displacement to be measured to the nearest 0.01mm. These gauges were placed at the 
locations illustrated by Figure 7.3(b).
7.3.4 Methods used to induce and measure the vibration response of the panels
The dynamic tests were carried out as part of the phase II tests. These tests were 
integrated into the static load sequencing as outlined earlier, and were categorised 
under two main headings, (i) impact force-induced vibration, and (ii) steady-state 
force-induced vibration. In all cases applicable to (i) and (ii), where decay-of- 
vibration signals were required, a data capture rate of lOOOHz over an 8.192 second 
period was adopted (i.e. each digital signal stored on the computer comprised of 8192 
data points). The equipment and instrumentation applicable to test categories (i) and 
(ii) above have been described in chapter 3, which were used to collect dynamic 
response information from the panels after each static load interval for the following 
purposes.
7.3.4.1 Impact force-induced vibration
The response signals recorded from the impact tests represent the behaviour of the 
panels during a condition of free vibration. For this reason, the level of energy 
imparted to the panels during the action of the impact force was not required, as the 
ensuing vibration decay is of primary interest. The information acquired from these 
response signals, therefore, concentrated on the natural frequency and the level of 
damping inherent in the panels. To determine these properties from the
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measurements, a Fast Fourier Transform (FFT) algorithm and the correlation of 
measured and calculated visco-elastic characteristics were considered, the latter of 
which being used to determine both the frequency and damping properties.
7. 3.4.2 Steady-state-force-induced vibration
The eccentric mass excitation equipment and computer program set-up as outlined in 
chapter 3 was used to produce and record the steady-state-force-induced vibration 
response signals. The information collected with this set-up was incorporated into the 
laboratory investigation for the following purposes.
(i) Response data was collected from the panels using the excitation equipment to 
initiate the vibration. The signals retrieved from the panels using this method 
aimed to produce a similar decay response as obtained from vibration initiated 
by impact. However, the philosophy of the steady-state approach was to ensure 
that the initial vibration corresponded to the fundamental natural frequency of 
the panels, from which ensuing decay would comprise characteristics associated 
with a single frequency of motion only. To obtain the decay signals in this way, 
the approach adopted was to simply remove the excitation force by switching off 
the equipment drive motor (see chapter 3), after which the panel vibration was 
allowed to dissipate. The natural frequency and level of damping was then 
established from the FFT and correlation with calculated response characteristics 
as previous.
(ii) To determine the dynamic characteristics of the panel relative to a range of 
steady-state force frequencies, the Frequency Response Functions (FRFs) 
corresponding to each static load interval were assembled. These FRFs were 
determined using the 'frequency sweep' test described in chapter 3, which 
allowed the response amplitude of the panels to be established at any desired 
forcing frequency (over a predetermined range). To calculate the natural 
frequency and damping of the panels from these measurements, a correlation 
with a calculated FRF, based on assumed behavioural characteristics, was then 
carried out.
(iii) The steady-state forcing device was also used to determine the mode shape 
corresponding to the fundamental natural frequency of the panels. This was
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achieved using two vibration transducers, each recording the response of the 
panel at separate locations within the span during excitation at the natural 
frequency. To define the mode shape from these response signals, one 
transducer was maintained at a constant location (the 'reference' signal) while 
the second was moved according to pre-determined locations (the 'traveller' 
signal). The mode shape was then calculated by relating the peak response from 
the 'traveller' to the peak reading from the 'reference' signal.
A schematic illustration of the laboratory set-up used for both the impact and steady- 
state forcing tests is shown by Figures 7.4(a) to (c), each of which indicates the 
position and number of transducers used to record the vibration response data.
7.3.5 Description of the approach considered for the processing of the measured 
static and dynamic data identified above
A large volume of data was recorded from the laboratory tests. To rationalise the 
information presented by this data, a statistically accurate series of consolidated or 
'smeared' relationships were incorporated to reflect the characteristics of the original 
measured results. This was achieved with a least-squares regression of the 
measurements, which was validated using a correlation approach to assess the 
accuracy of the regression lines. These analytical considerations were incorporated in 
their standard form as described by Weltner et al (1986), which are outlined briefly 
under the following headings.
7.3.5.1 Least-squares regression analysis
A series of linear least-squares regression lines were used to achieve the required best 
approximate relationships from the measured data. The regression lines were 
established using a mathematical form given by,
= ax + b (7.1)
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where the y and x correspond to the data from the laboratory tests, for example strain 
or displacement, against the applied load respectively, while the coefficients a and b 
are calculated from,
n
^x 2 -nx 
1=1
(7.2)
b = y+ax (7.3)
The variables xand yof eqns.(7.2) and (7.3) are the arithmetic mean values 
associated with the x and y data, which represents the 'centriod' of the test data as a 
whole. Therefore, n is the number of panels used to compile the data, which for the 
laboratory test are designated relative to the number of specimens forming each type.
7. 3. 5. 2 Validating the regression lines using a correlation approach
To validate the accuracy of the regression lines, their correlation with the measured 
data was calculated. In mathematical terms, the correlation was quantified using,
2R = - ——— —— ——— - ——— r (7.4)
where R2 is the 'correlation' value specific to the data set being examined. 
7. 3. 5. 3 Applying the regression approach to the measured data
To achieve the regression lines the data was first compiled according to type (i.e. 
strain, displacement or dynamic measurement). This allowed those measurements that
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did not conform to the overall data trends to be discarded, which was achieved from a 
visual inspection of the accumulated data presented in a graphical form.
With the data judged to be in error removed from the compiled results, a series of 
regression lines defined using a bi-linear form (i.e. two linear relationships in series) 
was fitted to the remaining data. To achieve best results, the intersection of the bi­ 
linear lines (i.e. the point at which the two linear lines intersect) was varied until the 
correlation between the regression lines and the measurements was maximised. An 
appropriate simulation of the measured data was then assigned using the calculated 
coefficients (of a and b above) associated with the maximised correlation.
7.3.6 Collecting vibration data at varying response amplitudes
The impact tests were carried out by imparting a simple blow to the mid-span region 
of the panels [Figure 7.4(a)]. By its very nature, such a test makes it difficult to 
control the amount of energy that is transferred to the panel during the impact, which 
in turn does not provide a facility for controlling the response amplitude of the ensuing 
vibration. However, vibrating the panels using the steady state-forcing approach will 
provide this control, where the amplitude of excitation can be varied by adding (or 
subtracting) the amount of weight that is incorporated onto the arms of the eccentric 
mass device. A mathematical justification of this has been shown in chapter 3, which 
for the purposes of these tests allowed the amplitude dependence of natural frequency 
and damping to be identified.
To allow the above-mentioned dependencies to be evaluated over a reasonably wide 
range of amplitudes, a number of decisions needed to be carefully considered. The 
main consideration, however, was to ensure that the levels of applied force imparted to 
the panel was varied enough to produce definite changes in the response amplitude, 
but be small enough not to induce 'damage' when vibrated at their natural frequency. 
The latter was evaluated using the strain data as described earlier, while the former 
was satisfied using three excitation force-levels produced by different combinations of 
steel bolts used in conjunction with the vibration device. The weight of each bolt was 
2 grams, which were attached to the arms of the excitation device to give the 
following:
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(i) Excitation force-level 1 - Total eccentric mass = 12.6grams (including arms)
Peak force at a frequency of 1 Hz = 0.019 N.
(ii) Excitation force-level 2 - Total eccentric mass = 8.6grams (including arms)
Peak force at a frequency of 1 Hz = 0.013 N.
(iii) Excitation force-level 3 - Total eccentric mass - 4.6 grams (arms only)
Peak force at a frequency of 1 Hz = 0.007 N.
7.3.7 Choosing to study the fundamental vibration mode behaviour only
All tests focused on the fundamental vibration mode of the panels. The reasons for
choosing to concentrate the study on this mode alone are as follows.
(i) The laboratory study aimed to establish data that could be used to promote the 
potential advantages of using vibration data as a means of assessing the presence 
of damage in a structure. Therefore, to make the method an attractive and 
convenient non-destructive, non-invasive technique, the study focused on the 
fundamental mode to ensure that low forcing and light impact load levels need 
only be applied to the panels.
(ii) To excite the vibration modes of the panels beyond their fundamental frequency 
would require high excitation frequencies producing large excitation forces, 
which may itself cause damage to the panels.
(iii) To induce single mode vibration of the panels in modes other than the 
fundamental would require more than one excitation device.
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Typical four-point load arrangement. 
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= Location of the demec gauge measurement studs
Figure 7.3 - Schematic illustration of (a) the strain measurement locations (on each 
side) with 'demec extensometer' gauge stud positions shown, and (b) the 
displacement dial gauge locations.
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Figure 7.4 - Schematic diagram of (a) the impact-force vibrations test, (b) the 
frequency sweep tests, and (c) mode shape measurement positions.
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7.4 Processed Data from Laboratory Static Load Test Results
7.4.1 Properties of the concrete and the laboratory results from standard tests 
7.4.1.1 Compressive strength of the concrete
The concrete used to make the composite beams comprised of normal weight 
aggregates having a maximum particle size of 20mm. The constituents of the 
concrete, in terms of its water, cement, aggregate and sand proportions, were in 
accordance with the standard design mix defined as C35 in BS 5328: Part 2 (1997). 
Laboratory strength tests conducted on cured samples of this material were carried out 
in accordance with the requirements of BS 1881: Parts 114 and 116 (1983). The 
results of the individual tests are included in Appendix C, which were used to 
calculate the following statistical properties: 
(i) Results from samples cured in air (age varies between 28 and 92 days):
Arithmetic mean of all compressive strength tests, fcu(air) = 50.2 N/mm2
(Standard deviation of fcu(air), is 4.1 N/mm2)
Arithmetic mean of the determined concrete density from all tests = 2456 kg/m3
(Standard deviation of density = 21.6 kg/m3 ) 
(ii) Results from samples cured in water (all 28 day values):
Arithmetic mean of all compressive strength tests, fcu(2g day) =57.5 N/mm2
(Standard deviation of fcu(28 day); is 3.5 N/mm )
Arithmetic mean of the determined concrete density from all tests = 2485 kg/m3
(Standard deviation of density = 26.6 kg/m3)
7.4.1.2 The Young's modulus of the concrete
The elastic modulus of the concrete (Ec) was calculated in accordance with the 
requirements of BS 1881: Part 121 (1983), from cylinders prepared in accordance with 
BS 1881: Part 110 (1983). The results of these tests are given in Appendix C, from 
which the arithmetic mean value was calculated to be Ec = 37 A kN/mm with a 
standard deviation of 1.7 kN/mm2 .
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7.4.2 Processed section strain data from the static load tests conducted on the 
panels
7.4.2.1 The calculated strain variation from accumulated data
A total of approximately 6,000 strain readings were recorded from the laboratory tests. 
To obtain the strain variation corresponding to each of the section depth levels (see 
Figure 7.3) the regression analysis, described earlier, was followed. Figures 7.5(a) to 
(f) illustrate the results, which correspond to panel type SI, while Figures 7.6(a) to (f) 
show the relationships achieved from the S2 panel data.
It should be noted that the measurements used to calculate these bi-linear best-fit lines 
comprised data from all eighteen laboratory test panels. This was possible due to the 
fact that the strain data of the phase II tests showed no changes as a result of the 
dynamic load procedures. Figures 7.7(a) and (b) therefore illustrate collectively the 
determined average strain for the SI and S2 panels respectively.
7.4.2.2 The calculated strain distribution obtained from the regression lines
The strain variation calculated from the measured data was finally used to determine 
two important characteristics concerning the panel behaviour, (i) The position of the 
neutral axis, and (ii) the curvature of the panel span over the region affected by the 
constant bending moment. The latter of these attributes is considered later, where a 
number of methods are explored, but the former can be determined from strain 
distribution profiles formed using the aforementioned bi-linear relationships.
Figures 7.8 and 7.9 illustrate these profiles for panel types SI and S2 respectively, 
from which it is seen that the neutral axis location can be defined as the point were the 
strain value is found to be zero. It is noted from these figures that a linear regression 
approach was again adopted to locate the neutral axis, which followed similar 
procedures to those described earlier. The approach, therefore, assumes that the panel 
sections remained plane during the application of static load, which complies with the 
hypothesis that plane sections remain plane during pure bending [Gere and
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Timoshenko (1991)]. Figure 7.10 shows the calculated neutral axis depths obtained in 
this manner.
7.4.3 Processed displacement data from the static load tests
In total, approximately 1,000 displacement measurements were recorded during the 
panel loading stages. To obtain a representative relationship of displacement, 
corresponding to the various load intensities, the regression line approach described 
earlier was considered. Figures 7.11 and 7.12 present the results for panel type SI and 
S2 respectively.
7.4.4 Tabulated results of the regression analysis
Tables 7.2 and 7.3 contain the results of the previously described regression analyses 
to demonstrate the correlation achieved from the strain and displacement data.
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Figure 7.5 - Section strain measurements together with the calculated regression lines 
for panel type SI at depth levels (a) 1, and (b) 2 [see Figure 7.3(a)]
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the discarded values - see main text)
= Regression line (best-fit linear lines 
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give best results).
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that comprise more 
than one series of 
Limit of relationships
measured data = The extent of the measured 
data included in the 
regression analysis
Figure 7.5 - Section strain measurements together with the calculated regression lines 
for panel type SI at depth level (c) 3, and (d) 4 [see Figure 7.3(a)]
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Figure 7.5 - Section strain measurements together with the calculated regression lines 
for panel type SI at depth level (e) 5, and (f) 6 [see Figure 7.3(a)]
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Figure 7.6 - Section strain measurements together with the calculated regression lines 
for panel type S2 at depth level (a) 1, and (b) 2 [see Figure 7.3(a)]
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Figure 7.6 - Section strain measurements together with the calculated regression lines 
for panel type S2 at depth level (c) 3, and (d) 4 [see Figure 7.3(a)]
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Figure 7.6 - Section strain measurements together with the calculated regression 
lines for panel type S2 at depth level (e) 5, and (f) 6 [see Figure 7.3(a)]
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Figure 7.7 - Collective illustration of the processed strain data (bi-linear regression 
lines) for (a) panel type SI [from Figures 7.5(a) to (f)], and (b) panel 
type S2 [from Figures 7.5(a) to (f)]. The 'Depth level' definitions relate 
to the positions across the depth of the panel sections as indicated by 
Figure 7.3.
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(c) (d)
Figure 7.8 - Illustration of section strain calculated from the relationships presented 
in Figures 7.5(a) to (f) (i.e. Panel type SI). The above diagrams show 
regression lines used to identify the neutral axis locations of the panel 
for the load intervals (a) 0.5kN to 3.0kN, (b) 3.5kN to 6kN, (c) 6.5 to 
9kN, and (d) 9.5kN to 12kN, (all in steps of 0.5kN total applied load).
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(c) (d)
Figure 7.9 - Illustration of section strain calculated from the relationships presented 
in Figures 7.6(a) to (f) (i.e. Panel type S2). The above diagrams show 
regression lines used to identify the neutral axis locations of the panel 
for the load intervals (a) 0.5kN to 3.0kN, (b) 3.5kN to 6kN, (c) 6.5 to 
9kN, and (d) 9.5kN to 12kN, (all in steps of 0.5kN total applied load).
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- Neutral axis depth variation corresponding to the 
calculated strain profiles for panel type SI.
= Neutral axis depth variation corresponding to the 
calculated strain profiles for panel type S2.
Figure 7.10 - Neutral axis depth (relative to the top surface of the panels) determined 
from the regression analysis shown in Figures 7.8 and 7.9 for panel type 
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7.5 The Moment - Curvature Relationships
7.5.1 Calculating the moment-curvature relationship
The calculated neutral axis positions and the strain variation relationships obtained 
from the previous analyses are used here to formulate the Moment-Curvature (M-C) 
properties of the two panel types. The main advantage of compiling the M-C 
relationships is that the flexural rigidity, (or 'stiffness' - here termed El) of the panels 
can be obtained directly from the ratio of the applied bending moment (M) to the 
amount of curvature (C or '/') induced by static loading. To extend the available 
database, and allow incorporation of all available strain and displacement information, 
the M-C relationships were formulated using two methods.
7.5.1.1 Method 1 - Moment-curvature from the measured strain information
Gere and Timoshenko (1991) defined the relationship between applied bending 
moment (M) and the El as,
£ = T = £ -* (7 ' 5)
El R y
where R is the radius of curvature of the panel over the constant moment region, x, the 
curvature, and £ is the strain value at a distance y from the neutral axis. To calculate 
the M-C relationship with eqn.(7.5) the calculated strain variation corresponding to 
depth level 1 [Figures 7.5(a) and 7.6(a)] was considered. The distance from this level 
to the position of the calculated neutral axis (x) was thereby determined by subtracting 
5mm from the values indicated by Figure 7.10.
7.5.1.2 Method 2- Moment-curvature from the measured displacement information
The theorem of intersecting chords offers an additional method for the calculation of 
the M-C relationship, allowing displacement information to be used to crosscheck the 
results gained from method 1 above. The basis of the theorem applies mainly to the 
calculation of the curvature (y), which has been outlined by Delpak (1999) and found
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to correspond with the M-C properties determined using strain data from simply 
supported reinforced concrete beams. The basis of the method relies essentially on the 
radial arc that forms over the constant bending moment region of the panel during 
four-point loading. Schematically, this can be visualised as shown by Figure 7.13, 
where it is seen that the radius of curvature (K) can be assumed to be dependent on the 
displacement that occurs to the panels between locations 'Dl' and 'D3', which have 
been identified in Figure 7.3. Using the intersecting chord analogy, Delpak (1999) 
recommended that the radius of curvature (R) - obtained from strain measurements - 
could be compared directly to a quantity that was given by,
D2- 2R-\ D2- DI + D3 _ '-'cm (7.6)
where Lcm is the length of the panel between 'Dl' and 'D3' (see Figure 7.3). 
Therefore, the displacement variation calculated from the measured data (Figures 7.11 
and 7.12) can be incorporated directly into eqn.(7.6) to calculate R. Finally, the 
curvature of the panel over the affected region is defined by R' ] .
Figure 7.13 - Schematic illustration of a panel during four-point loading showing the 
assumed static displacement geometry of the member for the 
calculation of the radius of curvature (R) over the region of the span 
subjected to constant bending moment.
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Figure 7.14- Moment-curvature relationships from (a) the calculated strain 
relationships, and (b) calculated displacement variation, (c) compares 
(a) and (b) above. (K and K' are used above to indicate the two 
stiffness regimes determined from the measured data for SI and S2).
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7.5.2 The calculated structural stiffness of the panels corresponding to incremental 
static load
The M-C relationships calculated using the methods described above are presented by 
Figure 7.14(a) to (c). The latter of these figures illustrates a comparison of the results 
from these methods for both panel types, where it is seen that a high degree of 
correlation was achieved. Reflecting on the accuracy exhibited by this comparison, it 
is evident that all previously formulated relationships have provided a reliable 
representation of the panel behaviour. In addition, it can be seen from the 
aforementioned figures that two distinct stiffness regimes are evident, which exists in 
both panel types. Therefore, having now established the M-C relationships for both 
panel types, the stiffness (El) can be calculated using eqn.(7.5). The results of the 
calculations are presented graphically by Figure 7.15, which make use of the 
information given by Figure 7.14(a).
It should be noted from the data presented by Figure 7.15 that the stiffness of the 
panels appear to gradually reduce after a certain level of applied bending moment. 
However, if the panels were assumed to behave in a bi-linear form (as assumed in 
Figures 7.11 and 7.12 for example) then the stiffness variation obtained would be as 
indicated by the 'dashed' lines shown in Figure 7.15. It can therefore be deduced that 
the data of the M-C relationships: 
(i) demonstrate a linear behaviour up to applied bending moment levels of 1.74
kNm and 1.45 kNm for SI and S2 respectively, while 
(ii) the stiffness thereafter approximates to a linear form, but actually depicts a
gradual 'reduction' in stiffness.
These regimes are indicated in the aforementioned figures and have been defined 
symbolically by the definition K and K1 respectively. The latter of these symbolic 
terms (expressed by (ii) above), therefore, actually have an asymptotic form, which is 
relative to the properties of the panel assuming a 'perfect' bi-linear behaviour.
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Figure 7.15- The calculated stiffness (El) corresponding to the applied bending 
moment of each static load interval. Calculations based on the M-C 
relationship of Figure 7.14(a).
7.6 Processed Data from the Dynamic Tests
The data collected from the dynamic tests relate to the phase II panels identified 
previously. However, due to the consistency observed throughout the strain and 
displacement measurements used to compile the M-C relationships, the results of the 
dynamic tests are considered to be representative of all SI and S2 panels.
7.6.1 The information presented
A large volume of dynamic response information was captured from the dynamic 
tests, from which a number of characteristics relating to the changing condition of the
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panels through static load intervals were observed. Within the scheme of the test 
procedure outlined earlier, the number of response signals collected was as follows:
Impact induced vibration = 3 signals for each load interval.
Steady state force induced vibration = 3 tests per load interval (1 test for each of
the excitation force-levels described earlier).
Frequency sweep test = 3 tests per load interval (1 test for each of the excitation
force-levels).
Using the information collected from these signals, the following is presented in this 
chapter: 
(i) Natural frequencies calculated using a FFT of the measured impact and decay-
of-vibration response signals, 
(ii) Natural frequency and damping determined from a correlation of measured
impact and decay-of-vibration signals with the calculated response assuming
viscous characteristics (i.e. a visco-elastic model), 
(iii) Natural frequency and damping determined from a correlation of measured and
calculated FRFs, the latter being with the visco-elastic model, 
(iv) Amplitude dependency of the panel natural frequency and damping, 
(v) Non-linear frequency-dependent behaviour of the panels at high static load
levels.
To consolidate (i) to (v) above, the main findings are presented in graphical form, 
while the associated data has been included in Appendix C. In addition, to avoid 
duplication, trends observed from the data that showed consistency within panel 
groupings have been displayed using typical results.
7.6.2 Normalisation of the response amplitudes
All impact, decay-of-vibration and steady-state frequency sweep response signals were 
recorded using a velocity transducer, sometimes called a 'geophone' (see chapter 3 for 
geophone specification). To rationalise the manner, in which the response information 
is presented, all measured signals have been normalised relative to a constant velocity 
value. Therefore, the response magnitude used for the normalisation was taken to be 
the largest velocity amplitude recorded from the frequency sweep tests. All other
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response signals were then divided by this value producing data that was normalised 
relative to a peak value of "1".
This approach was chosen to demonstrate the consistency observed throughout the 
recorded signals, and to allow a convenient illustration of the amplitude dependency 
that was found in the panel frequency and damping results. It also ensured that the 
quality of the recorded responses could be assessed for consistency, with each 
normalised signal being an indication of vibration behaviour without necessarily being 
concerned with their response magnitudes. However, it is recognised that vibration 
amplitudes that are beyond the maximum value used may exhibit behavioural trends 
that are different to those observed and identified in this work. Therefore, the results 
presented in this chapter correspond to vibration amplitudes of less than (or equal to) 
0.01 m/s (or approximately 0.04mm) at the centre span location. This amplitude level 
was calculated from the integration of the aforementioned velocity response signal (i.e. 
the maximum), which was achieved using a numerical algorithm prepared by BRE as 
part of the computer software suite used in other parts of this study.
7.6.3 The natural frequency and damping values determined from the impact and 
decay-of-vibration response signals.
7.6.3.1 Natural frequencies from a FFT of the measured response signals
The measured impact response and decay-of-vibration signals were used in 
conjunction with the FFT approach to determine the natural frequencies of the panels 
after each loading interval. The resolution of the autospectra achieved was 0.122 Hz, 
allowing the natural frequency of the panels to be defined to within ±0.061 Hz. Figure 
7.16 shows samples of the measured response signals obtained from the panels, which 
are representative of impact and decay signals recorded from panel type SI. The 
figure also displays the peak amplitude of the response signals over a 50Hz bandwidth, 
which was calculated from the autospectra determined with the FFT algorithm. The 
single peak that is seen signifies the dominant response amplitude, from which the 
natural frequency of the panel was determined. Examining the spectral response over 
larger bandwidths also indicated the single peak as shown, which was seen to be a 
characteristic of all autospectra results. Based on this evidence, it is reasonable to
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assume that the signals represent dynamic characteristics of the panels that relate to the 
lowest mode of vibration only, i.e. the fundamental mode having its maximum 
vibration amplitude at the mid-span of the panel.
However, a number of signals were found to be inconsistent with this clear, single 
mode dominance, displaying instead a spectral density with many amplitude peaks. 
These 'noisy' signals corresponded mainly to panel type S2 at load intervals close to 
failure of the panels. These signals were considered to be of insufficient quality for 
inclusion in the study, as it was difficult to identify the spectral peaks associated with 
the natural frequency of the panel, and were therefore removed from the data set.
7.6.3.2 Natural frequency and damping from the correlation of measured and 
calculated decay-of-vibration response
To take advantage of the single mode behaviour identified above, the natural 
frequency and damping was determined by correlating measured and calculated 
response values. The procedure adopted to achieve the correlation made use of the 
software obtained from BRE, which yielded the required data from a comparison of 
measured and calculated free-vibration response. To ensure that a consistent set of 
results was achieved, the correlation was performed over a fixed 2 seconds region 
(2000 data points) of the measured signals. In addition, the amplitude of vibration 
chosen to represent the start point for correlation was chosen to be similar of all 
signals, thereby ensuring that the determined dynamic characteristics were relative to a 
constant amplitude value.
7. 6.3.3 Compiled natural frequency and damping values
The natural frequency and damping percentage determined with the methods identified 
above have been compiled and shown in Figures 7.17 and 7.18 respectively. The 
results are presented in two ways, (i) relative to the values as calculated, and (ii) in a 
normalised form, which provides an indication of frequency and damping change with 
each successive interval of the static load tests.
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7.6.4 Natural frequency and damping from the correlation of measured and 
calculated frequency response functions
A sample of the 'frequency sweep' test data, together with an indication of the 
accuracy to which the calculated visco-elastic model represents the measurements, is 
given by Figure 7.19. The figure demonstrates the general trend that was observed 
throughout the entire 'frequency sweep' tests, which clearly reveals the behavioural 
changes of the panel through each interval of the static loading.
The natural frequency and damping percentage calculated from all panels is shown in 
Figures 7.20 to 7.23, which are displayed relative to the three excitation-force-levels 
used to obtain the results (see section 7.3.6). These figures have been prepared using 
the previously mentioned normalised scale, and illustrate the changes that occurred to 
the panels with increased static load.
7.6.5 Amplitude dependency of natural frequency and damping
The decision to study three excitation force-levels was made to allow the natural 
frequency and damping of the panels to be evaluated over a fixed amplitude range. 
Figures 7.20 to 7.23 clearly show that these properties are dependent on the magnitude 
of the vibration amplitude. In general terms, the information appears to indicate that 
the excitation force-level influences the rate-of-change of the natural frequency and 
damping.
To explore these findings in greater detail, further analysis was carried out to establish 
if a similar amplitude dependent behaviour was embodied in a single vibration event, 
for which the impact and decay-of-vibration signals were re-considered. To ensure 
that these results were consistent and relative to those described previously, the refined 
analysis concentrated on the same regions of the aforementioned response signals (i.e. 
relative to the maximum normalised amplitudes described earlier). However, instead 
of treating a total time period of 2 seconds, the frequency and damping was 
determined corresponding to a time segment of 0.2 seconds (200 data points in each 
segment). The result is a set of ten frequency and damping values that relate to 
smaller regions of the signals. Therefore, if the dynamic behaviour of the panels was
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dependent on the amplitude of vibration, then the individual frequency and damping 
values within the response of each individual signal were expected to indicate a 
change.
Figures 7.24 to 7.27 show the results of the refined analysis, which illustrate that the 
natural frequency and damping values become progressively more amplitude 
dependent as the static load intervals increase. To facilitate a convenient interpretation 
of the results, the frequency and damping have been given as ratios of values 
calculated from the regression lines of Figures 7.17 and 7.18, corresponding to the 
'zero' loading point, (i.e. before the application of any load). Therefore, a frequency 
or damping ratio of "1" indicate the respective values for the panels in a pristine 
condition, deviations from which are indicative of the changes that occur as a result of 
the applied bending moment.
Figures 7.28 and 7.29 emphasis these changes with a series of 'surfaces' that display 
collectively the results of Figures 7.24 and 7.25 and Figures 7.26 and 7.27 
respectively. These 'surface plot diagrams' have been compiled using the regression 
lines illustrated on the aforementioned figures, symbolising the trends observed 
throughout all the measured response signals.
7.6.6 Frequency-dependent behaviour observed in the measured frequency sweep 
data
In addition to the amplitude dependency found to exist in the natural frequency and 
damping results, the data from frequency sweep tests also indicate that the frequency 
response of the panels change as the static load level increases. Figures 7.30(a) to (c) 
display samples of the measured FRFs to demonstrate generally the findings. The 
main observations of the aforementioned figures are: 
(i) The FRFs show a near perfect correlation to the visco-elastic model for all three
excitation force-levels when the panel condition was pristine.
(ii) As the static load intervals increase, the measured FRFs appears to deviate away 
from the calculated visco-elastic relationship. However, as Figure 7.30(b) and 
(c) illustrate, the amount of deviation appears to depend on the excitation force- 
level considered.
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7.6.7 Mode shape profiles determined from measured response signals
A sample of the fundamental mode shape is shown in Figure 7.31, which was taken 
from a typical SI panel. However, to yield information that can be used as a measure 
of possible mode shape change, which could be present in the data recorded after each 
successive load interval, an alternative method of data presentation has been adopted.
The Modal Assurance Criteria (MAC) has already been identified as a means of 
assessing the degree of correlation between two mode-shape data sets. Similarly, in 
the context of damage evaluation, the MAC is a valid method of quantifying the 
difference that may exist between mode shapes taken from a pre and post-damage 
structure. To maximise the information available from the recorded data, but 
eliminating the need to scrutinise the mode shape profiles on an individual basis, the 
MAC values have been calculated relative to the mode shape of the panel determined 
from the data at 'zero' load. Therefore, a MAC value of "1" describes a mode shape 
matching that from the panel in a pristine condition, while values that are less than this 
represent change. The larger the deviation, the greater the difference between the 
mode shapes, which in turn could be indicative of changes occurring to the panels as a 
result of the applied bending moment. Figure 7.32 illustrates the calculated MAC 
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X = Measured data Tl, = Bending moment applied to the panel
before the response readings were take 
= 'Best-fit' visco- _
elastic relationship. J- = Calculated natural frequency (Hz) and
percentage of critical damping (%) 
determined from the correlation.
Figure 7.19- Sample 'frequency sweep' data showing the change observed to the 
measured FRF at each static load interval (type SI shown). Data 
corresponding to applied bending moment levels of between 0.29kNm 
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Example line indicating 
frequency / moment variation
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commencement of damage
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Figure 7.28 - Surface plot diagram showing the natural frequency variation observed 
from the measured response signals for panel type (a) SI, and (b) S2.
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Figure 7.29 - Surface plot diagram showing the damping variation observed from the









	^ o ni ^™^ i r^
u § •o o
^ ^








a 3 • n
^ 5; P^-i h^'
JL I ^^- r- f-



















































































































































o a ,_ n
a ^ 3̂ 3
NORMALISED RESPONSE AMPLITUDE

































NORMALISED RESPONSE AMPLITUDENORMALISED RESPONSE AMPLITUDE










0 0.25 0.5 0.75 1 1.25 1.5 175 2 2.25 2.5 2.75 3 3.25 3.5




0 025 0.5 0.75 1 1.25 1.5 1.75 2 2.25 2.5 2.75 3 3.25 3.5
APPLIED BENDING MOMENT (kNm)
(b)
= MAC values calculated using the 
mode shape data obtained after each 
loading interval.
~^^~ = Line connecting the arithmetic mean 
of the MAC values at each load 
interval.
Figure 7.32 - Modal Assurance Criteria (MAC) values calculated using the mode 
shape data established from the measured data recorded after each 
loading interval for panel types (a) SI, and (b) S2.
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7.7.2 Possible cause of the observed stiffness reduction portrayed by the moment- 
curvature relationships
The behaviour typified by the M-C relationships is characteristic of that observed from 
similar static load tests conducted on reinforced concrete members by Yang (1996). 
This study found that cracking of the concrete in the tensile regions of reinforced 
members could be identified from changes observed in the M-C relationship - even at 
low tensile strain levels. It is feasible that the data collected from the composite 
panels demonstrate a comparable behaviour, with concrete cracking being the cause of 
the stiffness changes seen (Figure 7.14). Assuming that the changes are due to 
concrete cracking alone, it is possible that the stiffness reduction, or 'degradation' 
(Figure 7.15), is due wholly to the gradual cracking of the concrete in the tensile 
region of the panels, the severity of which increases with subsequent load intervals. 
Therefore, for convenience and clarity in future discussions of this chapter, the loading 
range corresponding to constant stiffness will be referred to as "pre-cracking", while 
subsequent stages shall be termed "post-cracking". The dividing point of these 
behavioural trends thus being defined as the 'first-cracking' point.
However, it is appreciated that the 'post-cracking' behaviour may be influenced by 
other mechanisms, such as loss of bond between the steel and concrete parts of the 
panels, and as such will require additional clarification (dealt with in chapter 8).
7.7.3 Interpreting the observed stiffness change as a form of structural damage
The processed M-C relationships offer an ideal basis from which to examine the 
sensitivity of the measured frequency and damping changes for use as damage 
identification variables. Treating the post-cracking behaviour as being indicative of 
progressive damage provides a quantitative measure against which dynamic properties 
can be related. However, this does not suggest that the cracking of concrete, which 
occurs normally to a certain extent in reinforced members, is itself damage, but it 
merely allows the results that have been obtained from dynamic tests to be qualified 
relative to an established set of physical parameters.
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1.1 A Quantitative comparison of damage extent against the observed natural 
frequency and damping changes
Figures 7.17(c)+(d) and 7.18(c)+(d) can be regarded as trends that portray the general 
rate-of-change of the dynamic properties through staged loading, as they were 
calculated with no regard to their possible amplitude dependence. This information 
could thus be treated as symptomatic of overall changes occurring to the panels during 
progressive damage. Figures 7.33 and 7.34 show these natural frequency and damping 
trends relative to the stiffness (El) calculated from the M-C relationships (Figure 
7.15). To enable the dynamic property changes to be assessed quantitatively, the 
stiffness values have been normalised, thereby defining the un-damage panels with the 
index "1". The main features observed from these figures are discussed below. 
Natural frequency changes:
(i) Between 100% (pristine condition) and 75% stiffness, the natural frequency of 
the panels reduced to 99% and 97% of the undamaged values for S1 and S2 
respectively.
(ii) As degradation of the panels continues beyond the 75% stiffness point, there is a 
definite increase in the rate-of-change of the natural frequency value. The 
regression lines included on the aforementioned figures clarify the observed 
trend, where the frequency at the threshold of panel failure reduces to 
approximately 93% and 90% of the un-damaged value for SI and S2 
respectively.
Damping-value changes:
(i) Between 100% and 75% stiffness, the panel damping increases by
approximately 20% and 35% for SI and S2 respectively, 
(ii) Thereafter, the rate of damping change increases with the values close to failure
being approximately 110% (SI) and 170% (S2) higher than those determined for
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7.8 Concluding Remarks
7.8.1 Using natural frequency to detect damage in the panels
For the purposes of the study, the structural changes were introduced in a controlled 
manner using static load allowing strain and displacement data to be recorded. This 
data can be interpreted as a benchmark of the panel behaviour, with which the 
dynamic properties could be compared.
Comparing the M-C relationships (Figure 7.14) with the natural frequency results 
(Figure 7.17) it is found that the point at which 'first-cracking' of the panels occurred 
coincided with an increased rate-of-change of frequency drop for both panel types. 
Therefore, the degradation that occurred as a result of the applied loading sequence 
was also reflected in the frequency measurements. However, a somewhat different 
picture was revealed when the frequency measurements were plotted against the 
calculated stiffness variation (Figure 7.33). This latter figure shows that the majority 
of the changes that occurred to the frequency appear to coincide approximately with 
the 75% stiffness point, with only a relatively small change occurring between 100% 
and 75% stiffness. These trends were observed for both the SI and S2 members, 
which appears to highlight a degree of commonality in the dynamic properties of the 
panels through the progressive damage process.
7.8.2 Using damping changes to detect damage in panels
Throughout this chapter, damping has been determined assuming that the vibration 
response of the panels could be modelled using visco-elastic characteristics. This 
assumption provided a means of 'extracting' the damping using a percentage quantity 
relative to a critical value (critical being 100%). This method was used as a basis on 
which the change in damping due to damage was assessed. The trends observed in the 
data were similar to the results obtained from the frequency change studies. However, 
the amount of change that occurred to the damping values was greater, suggesting that 
this dynamic property could offer a more sensitive parameter for damage identification 
purposes.
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7.8.3 Amplitude dependence of natural frequency and damping
Generally, it was found that the values of natural frequency and damping decreased 
and increased respectively as the amplitude of vibration was increased. In addition, 
the amplitude dependence of both natural frequency and damping appears to be 
influenced by the presence of damage. As damage progresses, the amplitude 
dependence is effected more intensively. Figures 7.24 to 7.27 illustrate the amount by 
which these dependencies change where viable relationships have been identified. It 
appears from the results displayed that the natural frequency and damping (determined 
from vibration only events) change relative to amplitude on a logarithmic scale. Using 
'best-fit' regression lines (shown on the aforementioned figures) to highlight these 
trends, allowed a series of 'surface plot' diagrams to be identified (Figures 7.28 and 
7.29). As a result of the information presented by these diagrams, three important 
points should be noted: 
(i) Damping has a significant amplitude dependency, especially at later stages of
damage, 
(ii) Although the natural frequency shows amplitude dependency, its variation in
comparison to (ii) is small.
(iii) Amplitude dependency can have a significant influence on the interpretation of 
damage extent. Clearly, if the results of Figures 7.33 and 7.34 were used as a 
'benchmark' of typical panel degradation versus dynamic property change, then 
neglecting the affects of the amplitude dependency could give a false indication 
of the amount of damage present.
7.8.4 Using mode shape measurements to detect damage
The mode shape information and the calculated MAC values reveal no definite trends 
to which the observed structural changes can be related (Figures 7.31 and 7.32).
7.8.5 Non-linear frequency-dependent behaviour of the damaged panels
The behaviour of the panels reflected in the measured FRF data demonstrate the added 
complexity that occurred to the vibration behaviour at later stages of damage (Figure 
7.30). As damage progresses, it is clear that the measured properties deviate from the
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perfect visco-elastic model, suggesting that non-linear behavioural trends occur. This 
non-linearity was also found to increase, as further damage was imposed.
However, from a structural perspective, it is not clear how the non-linearity was 
caused as the FRF, based on visco-elastic assumptions, can only provide a 'best-fit' to 
the measurements allowing 'equivalent' properties to be identified.
7.8.6 Aspects that need clarification
The results presented in this chapter have revealed a number of interesting trends; the 
most prominent of which being that natural frequency and damping both signify the 
onset of damage. However, there are a number of issues that should be clarified. 
These are:
(i) The stiffness changes exhibited by the M-C relationship have been interpreted as 
being induced by cracking of the concrete, which would be a reasonable 
conclusion to make if the panels had been made from conventional reinforced 
concrete (RC) [as found by Yang (1996)]. Since the panels were made using 
profiled-steel deck units, there may have been different 'degradation' 
mechanism to those of RC members. Therefore, to investigate the most likely 
cause of the observed structural changes, a study should be conducted to:
(a) identify the cause of the panel degradation from published literature, and
(b) compile M-C relationships using numerical models of material behaviour 
to confirm the applicability of (a) to the panels by comparing measured 
and calculated results.
(ii) Unlike the method adopted to quantify the amplitude dependency of the 
vibration, the visco-elastic FRF model could not be used to clarify the 
frequency-dependent response of the damaged panels. Therefore, to establish 
the amount of non-linearity that occurs, and to examine if it could also help 
toward the identification of damage, further analytical examination of these 
characteristics will be required.
Item (i) and (ii) above are considered in chapters 8 and 9 respectively.
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CHAPTER 8
Calculating the Behaviour of Composite Floor-Slab Panels Subjected to 
Incremental Static Load
8.1 Introduction
This chapter presents a numerical model that simulates accurately the moment- 
curvature relationships of the composite floor-slab panels tested in the laboratory 
(discussed in chapter 7). The core of this chapter comprises two main sections that 
discuss aspects of previously published studies prepared by various authors, which are 
incorporated into the numerical model assumptions. Therefore, these sections can be 
broadly categorised as: 
(i) A review of published literature that has focused on studies conducted to
determine the characteristics of composite member behaviour when subjected to
statically applied loading, 
(ii) The formulation of various computational models that aim to predict the loaded
behaviour of these composite members, from which one model is calibrated
against measurements taken from the laboratory tests.
8.2 Predicting the Ultimate Strength of Composite Floor-Slab Panels
The ultimate strength and the failure characteristics of composite floors have been 
studied over the past four decades. During that time, a number of researchers have 
reported on numerical and experimental studies that aim to clarify the behaviour of 
these members when loaded statically. The main contributors to these studies are 
identified in the following sections together with their analytical contributions and 
interpretations of the static load carrying performance of this form of structural 
member.
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8.2.1 Initial Development
During the early development of the composite floor system, which utilised a steel 
sheet manufactured with a pre-determined profile, it was normal practice to assume 
that the steel element offered no strength enhancement to the final floor product. 
Conventional reinforced concrete (RC) theory was used to justify strength provisions, 
and the floor was normally constructed incorporating steel bars in the bottom region of 
the concrete. In the 1960's, Bryl (1967) studied and reported on a new realisation that 
the steel profile and hardened concrete interacted to provide a truly composite member 
eliminating the need for the reinforcing bars. It was thought that, through the 
development of bond between the concrete and steel, no additional mechanical means 
of material connectivity would be required to produce the desired composite action. 
However, it was recognised early in the development of the composite analogy that the 
load carrying attributes of the combined concrete and steel element would be 
significantly different to those assuming RC principles. From a series of experimental 
studies conducted in the UK, America, Germany, Holland and France using simply 
supported lengths of composite members subjected to symmetrical four-point loading 
(i.e. two symmetrically placed point loads plus the two support reactions), Bryl (1967) 
compiled a description of the failure mode idealised to a two-phase process:
(i) the break-down of bond at the steel and concrete interface thought to initiate 
when cracking of the concrete commenced, quickly followed by;
(ii) a rapid loss of interaction at the steel and concrete interface (i.e. slip) resulting in 
strength and stiffness loss, which leads to a sudden and dramatic failure as a 
result of excessive slip between the steel and concrete.
This form of structural failure has now become recognised as the most dominant for 
composite floor-slab members tested in this way, the combination of (i) and (ii) being 
typically referred to as an 'in-plane shear bond failure' or sometimes as 'slip failure'. 
To account for this behaviour in design, a 'factor of safety' approach was initially 
assumed to be sufficient. This was applied to capacity predictions made using 
conventional RC theory where Bryl (1967) suggested values ranging between 3.15 and 
4.6. These factors were found to depend on the surface texture of the steel part, which 
was thought to have an influence on the ultimate capacity of the member.
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After these relatively basic initial conclusions, the 'American Steel and Iron Institute' 
(ASH) provided funding to Iowa State University (ISU), USA to carry out 
experimental studies aimed at further understanding the failure characteristics of 
composite floors. The main purpose was clearly to maximise the potential of the 
system and to make it a commercially viable alternative to other forms of floor 
construction. Reporting generally on these studies, Schuster (1976) discussed methods 
that could be adopted to improve the bond strength and thus the in-plane shear 
resistance between the steel and concrete. Examples of such methods being the 
application of special surface coatings applied to the steel sheet, which effectively 
adjusted its surface texture increasing the total bond between the two elements. The 
conclusions confirmed the work of Bryl (1967), adding that not only ultimate capacity, 
but also the overall structural behaviour through loading was dependent on the 
efficiency of the interface to transfer in-plane stresses. Schuster (1976) also made note 
of the possible disadvantage of the composite system, where the steel part of the 
structure conceals the formation of initial concrete cracking, thereby making it 
difficult to recognise the on-set of the rapid post-cracking degradation. Realising that 
visual means of assessing the potential failure of composite floors was effectively 
useless; the urgency for accurate predictive methods, based on calculations, was 
addressed.
8.2.2 Predicting the in-plane shear resistance of composite floor-slab panels 
8.2.2.1 Linear regression method
No longer reliant on an arbitrary factor of safety approach to failure predictions, Porter 
and Ekberg (1972, 1976, 1980) and Porter et al (1976) reported on a combined 
experimental / semi-empirical study aimed at identifying an equation to predict the in- 
plane shear resistance of the composite system. Three equations were considered, all 
of which depended on data collected from experimental investigations conducted on 
composite elements tested by four-point loading. Adopting a linear regression 
approach, the equations were formulated to quantify the total resistance obtained when 
the samples were loaded to failure.
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These equations are noticeably a simple variation on a similar theme where the basic 
form can be written as Vu / bd = {mx + k} (i.e. a linear regression approach), with Vu 
being the total in-plane shear strength at the failure load. An additional parameter s, 
normally taken as unity, was also included, which allowed for variation to the 
properties at the steel / concrete interface. The governing parameters of each equation 
are also similar, where L', , b, d and // are shear span, percentage area of steel 
relative to concrete, composite floor sample width, depth from top of concrete to 
centroid of steel and compressive strength of concrete respectively. The quantities of 
m and k, which are taken as constants, were calculated from the regression analysis 
using the experimental data and was defined respectively as the slope and zero 
intercept of a linear "Vu /bd" against "x" plot.
To estimate values of m and k with a reasonable degree of accuracy, the authors point 
out that a minimum of eight floor samples should be tested for each type of steel 
profile, i.e. eight samples for each ratio of . Based on a minimum of two profile 
types, the authors concluded that eqn.(8.2) provided the most accurate basis on which 
to assess the total in-plane shear resistance. From the analysis, it was found that this 
equation portrayed the least percentage error, relative to the regression analysis, for all 
samples considered. In addition, the authors suggest that the resistance obtained from 
the regression approach be reduce by 20% to account for the non-ductile nature of the 
member.
From reports of Porter, Schuster and Ekberg at ISU, (identified earlier) a document 
was compiled and published by the American Society of Civil Engineers (ASCE 
1984). This specification document contains design advice for engineers with specific 
experimental requirements for manufacturers of the steel profile, and is based on the 
work of the aforementioned authors.
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8.2.2.2 Multi-linear regression method
Following the publication of the ASCE (1984) document, research continued to 
advance towards a better understanding of the mechanisms responsible for the in-plane 
shear failure. Seleim and Schuster (1985) returned to the problem by offering a 
slightly different calculation concept to the original proposals outlined in the ASCE 
(1984) document. The in-plane shear failure was described as a three component 
problem involving:
(a) Chemical bond - the bond produced between the cement paste of the hydrated 
concrete and the steel surface;
(b) Mechanical bond - the resistance offered by the surface impressions, commonly 
termed the embossments, as slip failure is activated, and;
(c) Frictional bonds - the intransigent nature of the steel and concrete interface, 
normally associated with the surface roughness of materials in contact.
However, the authors assumed that the components of (b) and (c) were difficult to 
separate and were therefore combined to provide a single effect, maintaining the 
characteristics of in-plane shear resistance reported by earlier authors. The realisation 
that the chemical bond could also influence the strength of the composite member 
infused an additional complication needing further study. It was also pointed out that 
the in-plane shear resistance would only be activated after the chemical bond had been 
completely overcome, which was noticed as being coincident with cracking of the 
concrete. It was therefore stressed that failure of composite members could often 
result after the loss of chemical bond alone, i.e. in situations were the chemical bond 
strength was greater than the combined influence of the mechanical and frictional 
bonds. A factor causing further complication was suggested as being due to vertical 
separation, which takes place between the steel and concrete parts during failure. No 
attempt was made to include this effect in the analysis, but it was stated that vertical 
separation could be avoided by incorporating re-entrant shapes into the profile of the 
steel sheet.
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Continuing with the symmetrical four-point load arrangement, and simple supported 
members, the expressions proposed by Seleim and Schuster (1985) for the calculation 
of the chemical and mechanical / frictional bonds were:
(8.5)
where Vch is the peak chemical bond resistance force, and VSH is the combined 
mechanical and frictional bonds at failure, b and d are as defined for eqn.(8.3), and ki, 
k2, ks and £</ are unknown coefficients obtained from measured data. In terms of total 
resistance at failure (Vu), eqns.(8.4) and (8.5) combine to give,
(8.6)
L
Again, in order to obtain a reasonable degree of accuracy, a minimum number of eight 
experimental samples were recommended. Unfortunately, typical k values were not 
reported, but it was concluded that eqn.(8.6) could achieve a similar degree of 
accuracy as eqn.(8.2), which was based on an examination of the percentage error of 
the equation results relative to the measured data. Other conclusions to emerge from 
their research were the discovery that the total resistance, Vu, did not change when (a) 
a different percentage area of steel was used without increasing member depth, and (b) 
the compressive strength of the concrete changed.
8.2.3 Dominant in-plane shear transfer mechanism
As the knowledge of the in-plane shear failure mechanism matured, research attention 
focused on the incorporation of web embossments indented into the web of the steel 
profile as a method of enhancing the in-plane shear resistance. It was recognised, 
from the work of Luttrell (1987) and Easterling and Young (1992) for example, that 
changing the orientation of the embossments had an influence on the strength and 
performance of the composite member through static load. Jolly and Zubair (1987) 
carried out extensive experimental investigations, which compared the failure capacity
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of members with similar load and span configurations for different embossment types. 
Five embossment types were considered, each being characterised in terms of their 
basic shape, i.e. diamond, cross, vertical, split vertical and staggered circle. All 
specimens performed similarly up to a load that initiated cracking of the concrete (i.e. 
loss of the chemical bond). Thereafter, each profile type performed differently, with 
the better capacity at failure being achieved from members containing a vertical 
embossment configuration. Wright et al (1987) also made this observation where the 
moment capacity was found to vary depending on the number and spacing of the 
embossments along the length of the span. Using a steel profile with no embossment 
detail, i.e. plain surface where the chemical bond is the only in-plane shear transfer 
device, the relative differences in load capacity were determined, the results of which 
are shown in Table 8.1.
Table 8.1-Relative load capacity at failure for composite members with different 



























(Relative capacity values are quoted using an average value for each type given by 
Jolly and Zubair (1987). All embossments located on the web of the steel profile).
8.2.4 Moment capacity predictions for composite floor-slab panels
Following on from the concept of regression, Luttrell (1986, 1987) put forward a 
slightly different method of calculation for use in structural design, which returned to 
the 'factor of safety' approach,
M = (8.7)
where M/ is the bending moment capacity of a fully composite member assuming 
conventional RC theory, M, is the bending moment capacity at failure of the composite 
floor, k is a relaxation factor, which takes account of the reduced failure load due to 
in-plane shear mechanisms.
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8.2.4 Moment capacity predictions for composite floor-slab panels
Following on from the concept of regression, Luttrell (1986, 1987) put forward a 
slightly different method of calculation for use in structural design, which returned to 
the 'factor of safety' approach,
M=kMf (8.7)
where Mf is the bending moment capacity of a fully composite member assuming 
conventional RC theory, M, is the bending moment capacity at failure of the composite 
floor, k is a relaxation factor, which takes account of the reduced failure load due to 
in-plane shear mechanisms.
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Interestingly, Luttrell (1986, 1987) described in detail the mechanisms of failure 
identified by Seleim and Schuster (1985), but chose a solution that could be applied 
directly to the more conventional moment capacity equation for ease of use in 
structural design. However, the solution relied on results from experimental work, 
where appropriate A; values could be calculated using:
k = ——3-— (8.8)
I If \ If \ 
V 1 "7 J
where:
1 tk{ = — + ——— whenps ph <0.6 (8.9)
(?-0.03J1700pA 2 (-£-- 32 +2.4 --fp^p~h when PsPh > 0.6 (8.10)
V V d )
k2 = — j= \vhenps ph < 0.6 (8.11)
(D-27.5t)Jp~D d 2
whenps ph > 0.6 (8.12) yy V '
B B\=0.87 + 0.01 — 69-2.2 — for all values of ps ph (8.13) 
I B, A B, I
The variables for use with eqns.(8.8) to (8.13) were given as: 
B = the width of the floor panel, usually taken the width of a standard steel panel; 
Bc = individual profile or 'flute' width; 
D = total slab depth; 
Dd = overall depth of the steel profile; 
Ph = embossment projection dimension; 
ps = embossment intensity factor calculated from, ps = 12(n/m) 
« = length of embossment projection; 
m = spacing of the embossments.
To examine the performance of the proposed method, the author compiled 
experimental data collected at West Virginia University, USA, which was conducted 
over a period of eighteen years. Segregating the data by profile type, i.e. steel profiles 
with horizontally and vertically aligned embossments defined as types one and two
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respectively, it was found that type two allowed a greater moment-capacity to be 
generated. All test data were collected from simply supported elements assuming the 
symmetrical four-point load arrangement recommended by ASCE (1984). Again, 
typical values for the &/ to k3 coefficients were not given, but graphical evidence 
showing good agreement between calculated and observed moment capacity was 
presented using sample data.
Alternative method of capacity prediction were presented by Stark and Brekelmans 
(1990), but these methods simply offered a variation to the 'factor of safety' approach 
assuming RC principles.
8.2.5 Displacement characteristics of composite floor-slab panels
A common method of investigating the load carrying performance of any structural 
member is to examine its displacement behaviour during the application of static load. 
For composite elements that incorporate concrete as one of its dominant materials, this 
assessment of load behaviour can accentuate the changing characteristics of the 
member normally associated with concrete cracking and other major stiffness losses. 
For composite floor members the definition of this relationship can be especially 
important owing to the low displacement magnitudes normally found near to the 
failure load. Klaiber and Porter (1981) reported on a study centring on this particular 
aspect and found generally that the in-plane shear failure of simply supported samples 
occurred at approximately 50% of the ultimate failure capacity. Concluding from 
comparisons made between measured and calculated displacement relationships, the 
authors provided advice on suitable section properties for use when predicting the 
displacement beyond the point of initial cracking. This culminated with an expression 
that was recommended for use with displacement calculations, given as,
(8.14)
where:
Ie = Effective bending inertia for displacement calculations;
Ig = Gross or uncracked bending inertia of the section;
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Icr = Bending inertia of the section assuming the concrete to be cracked up to the
neutral axis of the section; 
Mcr = The maximum bending moment across the member span at the point of concrete
cracking; 
Ma = The maximum bending moment across the member span at the load stage being
considered.
Although this elaborate computation was offered to calculate displacement, the authors 
suggest that an average bending inertia based on the values of Ig and Icr would also 
predict the measured results with reasonable accuracy.
8.2.6 Ultimate load capacity of continuous composite floor-slab panels
Simple experimental methods can be used to understand the failure mechanisms of 
composite members. However, the importance of treating the in-use composite floor 
as a continuous member was outlined by Roeder (1981) where large two-way 
spanning floor bays were studies. Metal shear studs, connecting the steel profile to the 
edge support members, were installed in an attempt to simulate as much as possible 
the in-use characteristics of the floor. To evaluate the failure criteria, this study 
concentrated on the mid-span displacement of the floor during the applications of a 
centrally imposed single static point load. From the experimentation it was found that 
a 50% increase of moment capacity could be achieved relative to the proportions 
normally gained from testing based on the ASCE (1984) recommendations. In 
addition, it was noted that the conventional in-plane slip failure did not occur, but 
evidence of a punching shear failure was observed. The failure was again non-ductile 
with small displacement measurements being recorded immediately before complete 
collapse and no visual signs of structural distress.
Contemplating an out-of-plane shear failure mechanism, but avoiding the elaboration 
of continuous member testing, Patrick (1989) and Patrick and Bridge (1992) put 
forward a compromise, which maintained a single span experimental set-up. It was 
realised that a continuous test arrangement offered a more realistic idea of static load 
performance. The philosophy was to fabricate the test members such that the in-plane 
shear failure could not occur. This was achieved by extending the test sample beyond
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the simple support locations providing a larger in-plane shear transfer surface. This 
approach increased the moment capacity of the member enabling out-of-plane shear 
failure to be observed. Extending the sample length by 1.0m beyond the supports, 
experiments demonstrated that the out-of-plane shear failure was similar in appearance 
to that found in conventional RC beams containing no shear reinforcement. In 
simplistic terms, this failure can be characterised by the development of significant 
diagonal cracking beneath the location of applied point loads, which also induces 
yielding of the tension reinforcement. Therefore, even in situations where in-plane 
failure does not dominate, the authors found that the full moment capacity, based on 
RC principles, could not be achieved. It was further added that the mode of failure 
remained non-ductile in nature, as diagonal tension cracking was seen to propagate 
rapidly on the elevation of the members, which commenced at the support points 
[similar to that observed in RC members by Yang (1996)].
8.2.7 Incorporating experimental results into numerical models
In an attempt to bring together the in-plane shear mechanisms studied by the previous 
authors, Daniels and Crisinel (1993 a, 1993b) formulated a numerical model that 
simulated the composite member behaviour at incremental loads. An earlier report by 
Kubic and Daniels (1979) also considered numerical calculations, but the assumption 
that the in-plane shear resistance at the interface of steel and concrete could be ignored 
was criticised by Daniels and Crisinel (1993a & b) as being too simplistic to offer any 
reasonable reflection of the real behaviour. The main basis of the more complex 
model by Daniels and Crisinel (1993a, 1993b) took account of chemical, frictional and 
mechanical bond stresses, all of which were simplified to a single shear stress 
relationship. The stress magnitude was calculated from localised push-off tests that 
related the amount of slip that occurred between the steel and concrete to the total 
amount of force applied.
To calibrate the formulated numerical models, comparisons were made with 
experimental data taken from tests designed to appraise an array of in-plane shear 
transfer devices. Divided into six groups, the variations considered were as identified 
in Table 8.2. As part of this investigation, valuable information relating to the 
behaviour of loaded continuous members was also obtained. Extending the study even
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further, the provision of additional anchorage, in the form of mechanical fasteners 
between the steel and concrete, and hogging reinforcement at supports was also 
included.
Adopting the grouping terminology used in Table 8.2, the experimental study revealed 
that group F members performed best in terms of both ductility and moment capacity 
at failure. Ductility was gauged relative to the mid-span displacement of the members 
at a load that induced cracking of the concrete in the tension zones. This load was also 
noted as the point at which the chemical bond was completely overcome.













































To appraise the performance of the member groupings, the authors introduced criteria 
that could be used to signify two critical stages of the member behaviour. These limits 
were determined from the experimental data and were designated as the 'serviceability 
deflection limit state', and the 'ultimate deflection limit state'. For universal 
application to all groupings, these limits were quoted as L/250 and L/50 for 
serviceability and ultimate conditions respectively. A service limit was defined as the 
point when cracking of the concrete was observed, while the ultimate limit was used 
as a cut-off point at which failure was thought to be imminent. The salient results of 
the experimental phase are summarised in Table 8.3.
261
Calculating the Behaviour of Composite Floor-Slab Panels ... Chapter 8











































(M relates to the maximum mid span bending moment for each grouping, while Mu is 
the moment at failure for grouping type F. Values quoted were interpreted from 
graphical output presented in the aforementioned publication).
Interestingly, the experimental result show that the moment at which first cracking 
occurred was similar for all members. This suggests that the chemical bond 
mechanism does not depend on the addition or type of incorporated shear transfer 
device. It is also noted that the ultimate capacities of the composite members increase 
significantly when a continuous system is adopted. This is not surprising as the results 
contained in Table 8.3 for the continuous members were collected using four-point 
loading applied over a single span. The increased moment capacity can therefore be 
attributed to an increase in the contact area at the steel / concrete interface over the 
unloaded parts of the continuous span, which ultimately contribute to the total in-plane 
shear resistance of the member. Nevertheless, the importance of broadening the study 
to continuous forms of construction had been identified.
After calibration, prepared from the comparisons between the measured and calculated
results, the findings of the study were: 
(i) The chemical bond is completely overcome at the point when cracking of the
concrete occurs, 
(ii) The frictional and mechanical bond combine to produce a single resisting force
that commences at an initial value when cracking of the concrete initiates,
increasing to a peak value just before failure, which drops to zero when failure
occurs.
262
Calculating the Behaviour of Composite Floor-Slab Panels ... Chapter 8
(Hi) The in-plane shear stress calculated between the steel and concrete from (ii) 
above could be simplified to a mechanism that is distributed evenly along the 
width and shear span of the loaded member, i.e. a smeared model approach. The 
calculated value for grouping type 'B', which replicates the panel arrangement 
discussed in chapter 7, was given as ranging from 1.5 N/mm2 to 2 N/mm2 . 
However, these authors neglected the contribution of concrete in the tensile 
region of the section, casting question over the quoted values.
8.3 Calculating the Load Carrying Performance of Composite Floor-Slab 
Panels Subjected to Incremental Loading
The previous discussions highlighted that the failure mode of composite floor-slabs is 
likely to be non-ductile or brittle in nature, even under a continuous support regime. 
Unlike conventional reinforced concrete elements, this brittle failure is due mainly to 
the rapid breakdown of bond between the steel and concrete. It is also seen that the 
main focus of the studies was to establish the capacity of the composite members at 
failure.
The aforementioned publications do not generally provide detailed proposals that can 
be used to determine the behaviour of the members through incremental stages of 
applied load, which is required here to compare with the results of chapter 7. To 
obtain an adequate numerical model of the static load behaviour of the panels a more 
detailed approach was needed.
The remaining part of this chapter examines the numerical models that were compiled 
to predict the moment-curvature relationship of the composite panels. The analytical 
models were compiled using mathematical stress-strain relationships that have been 
published by various authors and were prepared to identify a single model capable of 
accurately predicting the moment-curvature behaviour.
Before discussing the mathematical models, it is worth briefly identifying the main 
characteristics that are considered. In simple terms, the measured moment-curvature 
results showed that the flexural rigidity of the panels displayed a two-phase behaviour,
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i.e. an initial linear phase, reflecting constant stiffness, followed by degradation or loss 
of stiffness. The cause of the degradation is of main concern for this study and the 
mechanisms that are responsible for the loss of section stiffness are examined using 
the analytical models. Therefore, the main characteristic that must be incorporated 
into the models is the ability to replicate the degradation of the panel. This 
degradation is likely to be the results of two material failure mechanisms, which 
complies with the discussion of published literature outlined earlier. These are:
(1) Cracking of Concrete: It is often assumed that concrete offers no tensile strength 
to the overall capacity of a reinforced concrete structure after cracking has taken 
place. However, research conducted by authors (cited later) has shown that the 
tensile strength of concrete can contribute significantly to the stiffness of a 
structure, even after the concrete has cracked. Taking account of these findings, 
for analytical investigations in general, the predicted stiffness of a structure is 
found to be larger than that assuming no concrete tensile strength. In addition, 
the characteristics of the post-cracking degradation are influenced by the 
distribution of tensile stresses throughout the section. It is therefore not 
unreasonable to speculate that the main source of the stiffness loss, seen from 
the measured behaviour of the composite panels, can be attributed to cracking of 
the concrete.
(2) Loss of bond: The composite action that exists between the steel and concrete of 
the panels are dependent on the bond strength at their interface. Three 
components contribute to the bond strength, which were identified in the review 
of literature above as chemical bond, friction bond and mechanical bond. Each 
of these components has different strength characteristics with the chemical 
bond offering the least resistance to tensile or shear stresses. It was also 
identified in the review of literature that the chemical bond is overcome when 
cracking of the concrete takes place. The mechanical and friction bond, 
however, are dependent on the surface conditions at the steel / concrete interface, 
which are mobilised after cracking occurs. These mechanisms may contribute to 
the stiffness of the panels, but are difficult to defined individually as part of the 
analytical predictions. Therefore, treating the friction and mechanical bond 
strength as a combined mechanism, its contribution to the overall post-cracking 
stiffness of the panels was considered.
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8.3.1 Constitutive material relationships for concrete in tension
The material stress-strain relationships used for the analytical models of this chapter 
were taken from published work by various authors. A brief description of these 
relationships is given below.
8.3.1.1 Linear stress-strain relationship
Concrete is often treated as a linear-elastic material in both compression and tension at 
low strain levels. This is the approach recommended by British codes of practice for 
design and analysis of concrete structures (BS 8110: Part 2). In this document it is 
also suggested that for analysis it can be assumed that concrete maintains a tensile 
strength of 1 N/mm2 after cracking, which is a simplified means of taking account of 
the effect of tension stiffening. This provision is recommended to ensure that 
calculations of flexural rigidity include the contribution of the cracked concrete in the 
tensile zones. Immediately after cracking, the tensile strength of concrete at the 
position of steel reinforcement is assumed to be constant. Using conventional 
notation, the stress before cracking is taken as:
fct = £ct Ec , when/cr < 1 N/mm2 (8.15)
where fct, £ct , and Ec are the concrete tensile stress, concrete tensile strain and the 
material Young's modulus respectively. Thereafter, the concrete stress will have a 
constant magnitude of 1 N/mm2 at the level of embedded steel, the distribution of 
which reducing linearly throughout the section to zero at the neutral axis. However, 
this relationship is too simplistic for the calculation of tension stiffening in composite 
floor-slab panels, as the post-cracking behaviour of the concrete may also depend on 
the resistance between the steel and concrete interface.
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8.3.1.2 Vebo and Ghali (1977)
A tri-linear idealisation was proposed by Vebo and Ghali (1977), and replicates the 
tensile stress-strain behaviour as a piecewise series of linear relationships. This model 
assumes that the degradation of structural stiffness during cracking is the result of 
changes to the elastic modulus of the concrete. Figure 8.1 (a) illustrates the proposed 
relationship, demonstrating the discrete form of the stress-strain behaviour.
In mathematical form, the relationship of Figure 8.1 (a) can be defined as follows:
fa = 0.75 sct Ec, for ^ \ —^- > (8.16)
I Ec J
fa = 0.9fcr - sct E</5, for
fct = 0.45fcr - set EJ20, for sct > —-^ (8.18)
I £c J
where fcr is the concrete tensile stress at which cracking of the concrete commences. 
8.3.1.3 Belarbi and Hsu (1994)
A method proposed by Belarbi and Hsu (1994) also considered a piecewise solution to 
the tensile behaviour. However, instead of modelling degradation as a process 
dictated by changes to the material Young's modulus, the post cracking behaviour was 
defined as a function of the crack strain directly. Figure 8.1(b) illustrates the stress- 
strain relationship, which is represented mathematically by the following.
/ * — o f * j f • W HCIl. Cr „+ ^» o „„ I o. J. y ]J Cl Ct Ct ' Cf Cr \ s
( V'4
and /C,=/J— ,when^>^r (8.20)
\ £ct J
where &, is the concrete tensile strain at which the concrete is assumed to crack.
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Figure 8.1 - Example stress-strain relationships for concrete in tension showing (a) 
proposals by Vego and Ghali (1977), and (b) relationships by (i) Berarbi 
and Hsu (1994) and (ii) Marzouk and Chen (1993)
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8.3.1.4 Marzouk and Chen (1993)
Marzouk and Chen (1993) produced a relationship that captured in detail the 
fundamental behaviour of the concrete in tension using two convenient mathematical 
expressions. These authors suggest that their solution replicates what was defined as a 
four phases degradation process identified as (i) an initial linear proportion, (ii) a pre- 
crack non-linear phase, followed by (iii) post-crack non-linear degradation, eventually 
tailing off to (iv) zero stress at large strain. Figure 8.1(b) shows the resultant stress- 
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Apart from the methods identified above, other authors have also proposed 
mathematical approaches to calculate tension-stiffening effects. However, these other 
methods rely more on principles of fracture mechanics, which is outside the scope of 
study considered here. Feenstra and Borst (1995) and Karihaloo (1995) are examples 
of published work based on these methods.
8.3.2 Constitutive material relationships for concrete in compression 
8.3.2.1 Ghoneim and MacGregor (1994)
The compressive stress-strain relationships suggested by Ghoneim and MacGregor 
(1994), and also discussed by El-Metwally (1994), takes account of strain softening, 
which is assumed to commence when the maximum compressive strength of the 
material is reached. The method used to calculate this relationship is convenient in 
that it relies on a single expression to predict both pre and post-peak strength 
characteristics, and was defined as,
268
Calculating the Behaviour of Composite Floor-Slab Panels ... Chapter 8
(8.23)
where fc is the compressive stress of the concrete, which depends on (i) peak 
compressive stress, (ii) peak compressive strain, and (iii) the strain of the concrete 
during loading, defined by^', $, and sc respectively. Figure 8.2 shows the stress-strain 
diagram obtained using this relationship.
8.3.2.2 Hsu and Zhang (1996) [and Pang and Hsu (1996)]
An expression proposed by Hsu and Zhang (1996) and Pang and Hsu (1996) was 
developed to consider bi-axial compressive stresses. To incorporate this expression 
into the analysis of a section subjected to uni-axial stress, the influence of the 
orthogonal out-of-plane strain can be treated as zero. Two expressions define the 
stress-strain relationship, which simulate pre and post-peak stress compressive 
behaviour. Shown in a graphical form by Figure 8.2, the equations used to predict the 




, when <1 (8.24)
(8.25)
(8.26)
and £ r is the orthogonal strain (i.e. out-of-plane to the principal compressive section 
strain).
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Figure 8.2 - Example stress-strain relationships for concrete in compression showing 
proposals by (i) Hsu and Zhang (1996), and (ii) Ghoneim and MacGregor 
(1994) with (iii) showing a linear stess-strain relationship.
8.4 Parametric Study using the Stress-Strain Relationships
The parametric study was compiled to examine the moment-curvature relationship of 
the panels using analytical models comprising various combinations of stress-strain 
expressions as identified above, which are defined in Table 8.4. The aim of the study 
was to identify a single analytical model that could closely fit the measured moment- 
curvature results (see chapter 7).
8.4.1 The parametric study constants
The dimensional aspects of the two panel types were taken as being consistent with the 
geometry as given in chapter 7. The Young's modulus and compressive strength of 
the concrete were also assumed to remain constant being taken as 37.4 kN/mm2 and 55 
N/mm2 respectively, which corresponds with the laboratory results of chapter 7.
270
Calculating the Behaviour of Composite Floor-Slab Panels ... Chapter 8




























































Other items of information that were not available from the laboratory results, but 
were necessary for use with the analytical expressions, were taken from the 
recommendations given by Belarbi and Hsu (1994). These recommendations were:
• The compressive strain at which strain softening takes place, s = 2000x10"6 
mm/mm,
• The maximum compressive strain of the concrete is, E = 3500xlO"6 mm/mm.
• The cylinder compressive strength of concrete can be taken as 80% of its 
characteristic strength from standard 100mm laboratory cubes.
8.4.2 The parametric study variable
Belarbi and Hsu (1994) noted from experimental studies that cracking of simply 
supported RC members was seen to occur consistently at a concrete tensile strain of 
between £ = 50x10"6 to 60x10"6 mm/mm. These values were obtained from tests 
conducted on normally reinforced concrete members, where steel bars positioned in 
the lower part of the section (i.e. the tension face) were said to promote the tensile
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resistance of the concrete beyond its strength determined from un-reinforced concrete 
samples.
The concrete tensile strength of the composite panels (chapter 7) is not known, 
however, and a more general approach that encompasses a range of possible limiting 
tensile strain values was required. The variable thus considered for the parametric 
study was the influence of various zcr values (i.e. the tensile strain at which cracking 
commences). Therefore, the range of values chosen for this study were scr = 30x10"6 
to 80x10"6, which includes the strain levels defined by the aforementioned authors.
8.4.3 Calculating the moment-curvature relationships
The moment-curvature relationship was calculated using nine similar computer 
programs prepared using FORTRAN 77 code. A flow chart showing the basic 
computational path of these programs is shown in Figure 8.3, the main steps of which 
follow the philosophy as set out by Scott (1983):
(i) Initially, the program seeks to calculate the neutral axis of the panel for a given 
strain value assigned to the top surface of the section. To calculate the neutral 
axis depth, the program starts by assuming its position a short distance away 
from the top surface of the section, which is maintained over the full width of 
the panel.
(ii) Based on this 'first guess' the program calculates the tensile and compressive 
stress distribution throughout the panel allowing the total section forces to be 
computed.
(iii) If the forces calculated in (ii) do not balance, the program increases the neutral 
axis location and recalculates the stresses.
(iv) The correct neutral axis location is found when equilibrium of the forces is 
achieved. To ensure a solution of reasonable accuracy, the force equilibrium and 
the neutral axis depth were calculated to the nearest 0.5N and 0.001mm 
respectively.
(v) Having identified the neutral axis position, the curvature is calculated in the 
usual way from a ratio of the top strain magnitude to the neutral axis depth.
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(vi) Finally, the moment capacity of the panel is obtained by multiplying the panel 
forces by their distance away from the neutral axis location found in (iv).
A sample of the moment-curvature relationships calculated using procedure (i) to (vi) 
above is given by Figure 8.4, which includes the measured results for comparison.
8.4.4 The parametric study results 
8.4.4.1 Pre-cracking stiffness
The pre-crack stiffness represents the flexural rigidity of the panels when the 
maximum tensile strain of the concrete is less than the value at which cracking is 
assumed to commence. To be consistent with the data of chapter 7, this condition will 
be regarded as being representative of the panel in an undamaged form. Table 8.5 
gives the pre-cracking stiffness (El) of the panels calculated from the models, which 
has been arranged to illustrate the relative differences of predicted values obtained for 
each combination. The table shows:
(A) The influence of various compressive stress-strain relationships on the 
predictions made with similar tensile stress-strain expressions.
(B) The influence of various tensile stress-strain expression with similar 
compressive stress-strain relationships.
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Figure 8.3 - Computer program flow chart used to calculate the moment-curvature 
relationships from the nine analytical models.
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CURVATURE (nv1 )
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0.0005 0.001 0.0015 0.002 0.0025 0003 0.0035 0.004 0.0045 0.005
CURVATURE (nv1 ) 
(b)
= Model 7 
= Model 8 
= Model 9 
= Measured (SI)
o f...—
0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035 0.004 0.0045 0.005
CURVATURE (nv1 )
(c)
Figure 8.4 - Calculated moment-curvature relationships from (a) models 1 to 3, (b) 
models 4 to 6, and (c) models 7 to 9, (all with e c, = 50x10'6)
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(Model numbers are shown depending on (A) similar tensile stress-strain relationships 
and (B) similar compressive stress-strain relationships).
Notes and observations from Table 8.5:
(i) The groupings marked 1 to 6 have been included to show the similar tensile or 
compressive concrete stress-strain relationships. For example,
• Group 1 represents models with tensile stress-strain relationships based on 
Vebo and Ghali (1977) combined with various compressive stress-strain 
relationships.
• Group 6 represents models with compressive stress-strain relationships 
based on Ghoneim and Gregor (1994) combined with various tensile 
relationships.
(ii) There are consistent relative changes in the calculated pre-cracking stiffness for 
model groupings 1 to 3 and 4 to 6.
8.4.4.2 Bending moment at first cracking
The bending moment at first cracking reflects the capacity of the panel when the 
tensile strain reaches the assigned peak value at the extreme fibres of the section. At 
this strain, unrecoverable 'damage' is assumed to occur within the panel, which can 
also be observed from calculations as being coincident with the point where there is a 
distinctive change in the moment-curvature relationship (see Figure 8.4).
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The calculated bending moment at first cracking determined with models 1 to 9 is 
shown in Table 8.6 which, to clarify its change relative to the assigned cracking strain, 
has also been presented in Figure 8.5.
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(a)
30 40 50 60 70 80
MAXIMUM TENSILE STRAIN (8 „.) (xlO"6)
(c)
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MAXIMUM TENSILE STRAIN (8 J (x10'6)
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Key:
= Model 1 
= Model 2 
= Model 3
= Model 4 
= Model 5
= Model 6
= Model 7 
= Model 8 
= Model 9
Figure 8.5 - Calculated bending moment at first cracking determined using (a) models 
1 to 3, (b) models 4 to 6, and (c) models 7 to 9.
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8.4.4.3 Post-cracking degradation
The post-cracking degradation characterises the rate at which the stiffness of the 
section reduces as a result of concrete cracking. This degradation can be gauged using 
the prepared analytical models by calculating the rate at which determined values of El 
change after the cracking strain (scr) is reached. Defining the normalised post- 
cracking bending moment (TL,0rw), and the corresponding curvature value (%n0rm), the 
relative stiffness reduction can be determined using,
3 = sss- (8.27)
A< norm
The results calculated from eqn.(8.27) indicate the rate-of-change of El after cracking, 
which returns a value of unity when EUo™ and %norm correspond to the cracking point. 
Therefore, from the equation the post-cracking stiffness (EIpos,.crack) can be calculated 
relative to the stiffness of the panel at cracking (£7crac/0 using,
(8.28)post-crack = crack
The variation of 3 with Tlnorm, calculated using the analytical models identified in 
Table 8.4, is shown in Figure 8.6, which also includes the same calculations obtained 
using the measured moment-curvature results. The characteristics seen from measured 
data were similar for both the SI and S2 sections. However, it is also seen that the 
analytical models overestimate the rate of panel degradation compared to the measured 
values.
8. 4. 4. 4 Calculated section stresses
In addition to the aforementioned quantities, the models can also be used to predict the 
section stresses. Although only useful as an indication of the 'ideal' stress 
distribution, a sample of the output for models 3, 6 and 9 is given by Figure 8.7. 
These models represent calculations that are based on the three concrete stress-strain 
relationships in tension.
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• = Model 1
• = Model 2
• = Model 3
• = Measured (SI & S2)
1 1.1 12 1.3 1.4 1.5 1.6 1.7 1.8 
NORMALISED BENDING MOEMENT (Ylnonn)
(a)
1.9
• = Model 4 (model 5 similar)
1 = Model 6
• = Measured (S1&S2)
1.1 1.2 1.4 1.5 1.6 .7 1.8 1.9
NORMALISED BENDING MOEMENT (Y\norm ) 
(b)
• = Model 7
• = Model 8
• = Model 9
• = Measured (SI & S2)
1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.9
NORMALISED BENDING MOEMENT (Unorm ) 
(c)
Figure 8.6 - Rate-of-change of post-cracking stiffness calculated from analytical 
models (a) 1 to 3, (b) 4 to 6, and (c) 7 to 9. (Measured values shown for 
comparison).
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8.4.5 Choosing the most accurate predictive model for the present work
The parametric study has provided an insight into the performance of the surveyed 
analytical models. The results demonstrate the variety of behavioural predictions that 
can be achieved, even though the models prepared are based on similar section 
geometry and material strength values.
8.4.5.1 Similarities between the model predictions
The models all appear to provide moment-curvature relationships that correspond to 
the behavioural trends seen from the measured data. The results form a two phase 
relationship that comprise an initial linear part, corresponding to a pre-damage 
condition, followed by a segment that illustrates degradation of the section, or 
'damaged' behaviour.
8.4.5.2 Differences between the model predictions
Although the characteristics of the models are similar, the calculated values of pre- 
crack stiffness, post-crack degradation and the moment at first cracking are different. 
Within these differences, however, it does appear that similar trends are embodied in 
models that comprise identical tensile stress-strain relationships. This is evident from 
the calculated normalised degradation values, which are shown in Figure 8.6.
8.4.5.3 The chosen model for calibration with the measured results
Any one of the prepared models has the potential to be calibrated against the measured 
moment-curvature results. However, to rationalise the process, only model 1 was 
calibrated as it gave results that were closest to the measured values for the post-crack 
degradation.
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130
0.3kNm 1.75kNm 2.6kNm 3.5kNm
-3.00 -2.00 -1.00 0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00
CONCRETE STRESS (N/mm2) 
(a)
9.00 10.00
0.3 kNm 1.75kNm 2.6kNm 3.5kNm
o
-3.00 -2.00 -1.00 0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00
CONCRETE STRESS (N/mm2) 
(b)
0.3kNm 1.75kNm 2.6kNm 3.5kNm
130
-3.00 -2.00 -1.00 0.00 1.00 2.00 3.00 4.00 5.00
CONCRETE STRESS (N/mm2) 
(C)
Figure 8.7 - Distribution of concrete stress calculated for the concrete panels using (a) 
model 3, (b) model 7, and (c) model 9, (all assuming z „ = 50xlO"6)
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8.5 Calibrating Model 1
The calibration considered two features:
1) the addition of a friction bond mechanism assumed to act at the interface of the 
concrete and the steel-profile;
2) the possibility that the dimensions of the laboratory panels were actually less than 
the precise sizes noted in chapter 7.
The first of these considerations was incorporated to account for the over-estimated 
stiffness loss produced by calculations as seen from Figure 8.6. Therefore, it is 
assumed that the friction bond that acts at the steel / concrete interface is responsible 
for enhancing the tensile resistance of the concrete at that location. The second feature 
was mainly considered to account for possible inaccuracies in the section geometry, 
which may have an influence on the calculated behaviour.
8.5.1 The bond stress mechanism
The bond mechanism was calculated as a function of the strain at the steel / concrete 
interface, and was defined relative to an assumed initial stress value (tjmtiaf), which 
represents a smeared idealisation of total bond at the interface (N/mm2). This value 
was assumed to mobilise when cracking of the panels commenced. Taking account of 
the recommendation of Daniels and Crisinel (1993b), where the bond was assumed to 
be effective over the shear span only, the bond force at the concrete / steel interface 
was calculated using,
Fbond = Lshea^bond with units of N/mm (8.29)
where Lshear is shear span and ibond is the post-cracking bond stress assumed to be 
proportional to T,n,,/fl/.
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8.5.1.1 Trial functions used to calculate it,onci
To obtain an appropriate relationship that would suit the measured moment-curvature 
results, a number of functions were considered to calculate ibond, two of which are 
shown in Table 8.7. These were found to provide calculated moment-curvature 
relationships that compared well to the measured results and are based on similar 
principles to the assumptions considered by Poh and Attard (1993). These expressions 
are therefore based on the assumption that the bond stress increases from an initial 
value at cracking to a peak value at failure, the latter being found from comparisons 
made between calculated and measured characteristics.
Table 8.7 - Example trial functions used to predict the variation of bond stress at the 
steel / concrete interface of the composite panels






1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
(8.31)
(In all cases, sc, > ecr, i.e. the bond stress is mobilised at the cracking strain).
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Essentially, both expressions provide similar characteristics, but the difference 
between eqn.(8.30) and eqn.(8.31) is that the latter assumes zero bond stress at 
cracking, while the former assumes a non-zero bond stress at cracking. The former 
was found to give the best predictions.
8.5.1.2 Introducing a "section-efficiency factor"
The discussions so far assumed that the geometry of the SI and S2 panels were 
precisely as indicated in chapter 7, i.e. the panel sections were '100% efficient' with 
no imperfections. However, there is an additional consideration that could influence 
the efficiency of the section, which should be incorporated to enable 'fine-tuning' of 
the calculated behaviour.
Panels SI and S2 (chapter 7) clearly represent two different regions of a typical 
composite floor-slab having different section geometry, but the cross-sectional area 
and calculated bending inertia of each are identical. Therefore, to allow possible 
geometric imperfections to be included, an additional calibration variable was 
introduced. This variable was assumed only to influence the width of the section, 
thereby adjusting the properties to reflect results in terms of an 'effective-section'.
This approach also has practical implications, which are evident when placed in 
context to the method adopted to make the composite panels. Reflecting on the 
laboratory preparation stages described in chapter 7, it was noted that a length of 
plastic film was used to seal the mould at the locations were the steel profile made 
contact with the timber form-work. This film, measuring approximately 20mm wide, 
prevented the development of bond between the steel and concrete at its location, and 
it is with this regard that the 'effective-section' philosophy refers. Therefore, using a 
"section-efficiency factors" scale between "0" and "1", where the latter represents 
100% section efficient, values less than "1" are deemed to indicate a reduction to the 
section width commencing from its outer edges. For example, all laboratory panel 
were 300mm wide, which if subject to a "section-efficiency factor" of 0.9 would mean 
a panel of width 270mm, i.e. for analysis 15mm would be ignored on each of the panel 
section edges.
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8.5.2 The influence of the calibration parameters on the moment-curvature 
relationship
5.5.2. 1 The bond stress mechanism
The inclusion of the bond stress mechanism has the affect of increasing the available 
tensile forces in the section, which in-turn promotes bending moment capacity 
resulting in an enhanced post-cracking stiffness. To demonstrate this influence, Figure 
8.8(a) and (b) has been included, which is based on calculations that incorporate 
eqn.(8.30) with various value of the exponent V (see Table 8.7).
8.5.2.2 Introducing the "section-efficiency factor"
The influence of the "section-efficiency factor" on the predicted moment-curvature 
behaviour differs between the SI and S2 sections. To illustrate this difference Table 
8.8, and also Figure 8.9, has been prepared, which contains the pre-crack stiffness 
values calculated using model 1 for varying section widths.
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Table 8.8-Calculated pre-crack stiffness for the panels subject to various "section- 








































0.8 0.82 0.84 0.86 0.88 0.9 0.92 0.94 0.96 0.98 
"SECTION-EFFICIENCY FACTOR"
Key:
Pre-crack stiffness from 
calculated data of:
= panel SI 
= panel S2
Pre-crack stiffness from 
measured data of:
= panel SI 
= panel S2
Figure 8.9 - Calculated pre-crack stiffness (EIpre-crack) determined for various 
"section-efficiency factors" (measured values also indicated).
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8.5.3 The calibrated moment-curvature predictions
The calibrated moment-curvature predictions are shown in Figure 8.8(c) and (d). The 
properties used to produce these calibrated results were as follows:
8.5.3.1 Panel SI
Concrete cracking strain, £cr = 60 xl O"6 mm/mm
Initial smeared friction bond stress, iinitia, = 0.01N/mm2
Bond stress at a calculated bending moment of resistance of 3.48kNm =
6.3N/mm2 (i.e. at the average failure load of the panel - see chapter 7).
Effective section width = 90%
The exponent in n of eqn.(8.30) (see Table 8.7) = 1.27
8.5.3.1 Panel S2
Concrete cracking strain, scr = 60 xlO"6 mm/mm
Initial smeared friction bond stress, tini,iai = 0.01N/mm2
Bond stress at a calculated bending moment of resistance of 3.48kNm =
7.2N/mm2 (i.e. at the average failure load of the panel - see chapter 7).
Effective section width = 88%
The exponent in n of eqn.(8.30) (see Table 8.7) = 1.13
8.5.4 The neutral axis depth variation determined from the calibrated SI and S2 
panel models
The variation of the neutral axis depth determined from the measured data has been 
presented in chapter 7. This variation also gives some insight into the behaviour of the 
panels throughout the various loading intervals, which signifies that changes to the 
section occur at stages thought to depict concrete cracking. To further demonstrate the 
accuracy of the calibrated model, and to justify the assumption that cracking of the 
concrete is the main cause of the neutral axis depth change, Figure 8.10 shows the 
measured values obtained from panels SI and S2 compared with the calculated results. 
The figure clearly demonstrates the applicability of the assumptions incorporated into
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TOTAL LOAD, P (kN)
= Calculated neutral axis depth variation 
for panel type SI.
= Calculated neutral axis depth variation 
for panel type S2.
: Neutral axis depth variation for panel 
type SI obtained from measured data.
: Neutral axis depth variation for panel 
type S2 obtained from measured data.
Figure 8.10- Comparison of the neutral axis depth variation obtained from the 
calibrated numerical model and from measured experimental data.
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8.6 Concluding Discussion
8.6.1 Observations from the study presented in this chapter
The study has shown that analytical models prepared by combining different 
mathematical relationships of stress against strain can provide a range of moment- 
curvature relationships. It is noted that these relationships represent the behaviour of 
the SI and S2 panels seen from laboratory data, reflecting the structural characteristics 
of the members when subjected to static load. The degradation or 'damage' that was 
calculated using the calibrated model is therefore indicative of the damage imposed by 
the application of static load only, with no structural changes to the panels being 
imposed as a result of the dynamic load tests. The salient points to note from the 
findings presented in this chapter are:
(i) The moment-curvature behaviour of the panels can be calculated using existing 
mathematical stress-strain relationships for concrete in compression and tension, 
(ii) The pre-cracking stiffness of the panels can be calculated using a linear 
compressive stress-strain relationship for concrete, with no account of strain 
softening being required. When incorporated into analytical models, the 
measured Young's modulus value obtained from standard laboratory tests was 
found to give accurate moment-curvature predictions.
(iii) To accurately predict the post-cracking behaviour of the panels, an additional 
section stress component was required. This component was attributed to friction 
/ bond stresses that could develop at the interface of the steel and concrete and 
was assumed to be effective over the shear span of the member only. A smeared 
bond stress relationship has therefore been proposed, which calculates bond 
forces as a function of the strain at the concrete / steel interface and an initial 
value assumed to be mobilised when cracking of the section occurs. Assigning a 
smeared stress of 0.01N/mm2 to this initial value gave predicted moment- 
curvature relationships for the SI and S2 panels that matched the post-crack 
results obtained from measurements.
(iv) To 'fine-tune' the moment-curvature predictions an "section-efficiency factor" 
was introduced. This factor was found to influence the calculated stiffness 
values of panel S2 to a greater extent than the SI sections. Assigning section-
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efficiency factors of 0.90 and 0.88 to panels SI and S2 respectively produced 
calculated moment-curvature results that matched those from measurements, 
(v) The calculated bending moment at first cracking for both panels was found to 
match the measured results assuming a cracking strain value of e = 60x 10"6 
mm/mm. This value was used in combination with the aforementioned 
calibration variables and was appropriate for use with both the SI and S2 panels.
8.6.2 Concluding remarks
The inclusion of an additional stress mechanism, which aims to simulate the behaviour 
of the concrete / steel profile interaction, appears to be a sufficiently accurate model to 
compensate for the discrepancies observed from calculations assuming concrete 
cracking characteristics alone. It is clear that, based on the information available from 
the measured data, this assumption cannot be directly validated. To produce such a 
validation, which may be possible if the relative movement between the concrete / 
steel profile of the panels during load was known, a comparison of measured and 
calculated results would need to be carried out. However, it is the opinion of the 
candidate that the model, assumed to replicate the friction / bond stress mechanism, is 
sufficient here to support two main findings. These are: 
(i) Before the section property changes commence, i.e. during the pre-damaged
condition, the section remained intact with no cracking of the concrete and no
in-plane degradation of the concrete / steel parts occurring, 
(ii) The degradation or post-damaged behaviour of the panels during load, initially
assumed to be affected by cracking of the concrete alone, is actually influenced
by two processes, i.e. concrete cracking and in-plane shear failure at the concrete
/ steel profile interface.
With these findings, a clear definition of the panel behaviour has emerged, which 
allows the results obtained from the dynamic tests to be assigned to the static load data 
with the knowledge that a clear distinction between pre and post-damage conditions 
was achieved in the laboratory.
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CHAPTER 9
Modelling the Characteristics of Measured Frequency Response Functions 
obtained from Damaged Composite Panels
9.1 Introduction
It has been shown in chapter 7 that the Frequency Response Functions (FRFs), 
measured from the composite panels at various stage of 'damage', appear to exhibit 
modified characteristics that differ from the behaviour represented by the linear visco- 
elastic model. The extent of the modification, which was found from comparisons 
between measured and calculated FRFs, appear to show a dependency on the extent of 
damage and the amplitude of vibration to which the panels were subjected. To 
examine how the FRF characteristics change with damage, and to provide an 
additional parameter on which damage identification can be based, this chapter 
focuses on a method of mathematically modelling the frequency response behaviour of 
the damaged panels. Using the formulation, which is based on the 'visco-elastic' 
model (identified in Appendix A), three scalar quantities are presented that are used to 
quantify damage from the available laboratory data.
This chapter is presented in three main sections, which are:
(i) A discussion of the findings from chapter 7 and 8 placed in the context of
information drawn from literature, which have published methods of numerical
modelling, and suggestions of how modified visco-elastic vibration can be
interpreted, 
(ii) A presentation of the formulated mathematical expression that has been prepared
by the candidate to model the FRF measurements collected from laboratory tests
on the panels, 
(iii) The use of the formulation in (ii) as a method to relate the extent of damage to
the parameters determined from the mathematical expression.
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9.2 The Non-linear Vibration Behaviour of Structures - A Reflection on 
Published Work and its Applicability to the Current Research
9.2.1 Introductory comments
The terminology "non-linear" is often used in publications that aim to provide 
guidance on method that can be used to model the modified vibration behaviour of 
structures, which differs from the formulations that can be solved using conventional 
linear mathematics. There has been debate for many years concerning the most 
probable causes that could be responsible for the non-linear vibration behaviour often 
observed in damaged structural members. The majority of this attention has been 
placed on whether the phenomena is caused by stiffness or damping non-linearity 
under certain conditions of vibration, both of which have emerged equally as 
seemingly plausible approaches.
This section has been prepared to highlight a number of these studies, but the aim is 
not to identify all published work that has been produced on the subject. Therefore, 
the focus is to discuss a chosen few reports that demonstrate hypotheses relevant to the 
present work, which will help clarify the possible cause(s) of the modified behaviour 
found from the laboratory measurements.
9.2.2 Non-linear stiffness and its affect on vibration behaviour
The FRFs presented in chapter 7, with particular reference to those measured during 
the post-damage stages of the laboratory tests, show behavioural trends that are typical 
of the mathematical expression proposed by Duffing's equation [see Jordan and Smith 
(1987)]. Duffing's equation has long been recognised as an approach that can be used 
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where k, c are F are stiffness, damping and applied force respectively, co/ is the 
frequency of excitation, while x is displacement. The "dot" notion represents 
differentiation with respect to time. The equation can be seen to be a variation on a 
linear differential equation, but with the addition of the ux3 term makes the expression 
non-linear with respect to displacement (i.e. a stiffness related term), with u being a 
constant. Solving eqn.(9.1) for the steady state in x, and examining the response 
amplitude for varying co/, gives a FRF with characteristics that represent either a 
'softening' or 'hardening' spring. This terminology [presented in texts such as that by 
Thompson and Stewart (1986)] describes the behaviour that is portrayed by the 
aforementioned equation, which characterises the vibration of a mass / spring system 
where the latter either 'softens' or 'hardens' as the frequency of excitation is 
increased. The differences between these two spring types can be distinguished from 
the FRFs calculated for each, the features of which are often referred to as indicating 
either a 'positive' or 'negative skew' dependent on whether p. is positive or negative 
respectively. To clarify this point, a 'negative skew', for example, was observed from 
the damaged panel FRFs of chapter 7, which can be characterised as a function that 
'leans' towards lower excitation frequencies.
These characteristics were examined by Ellis (1993) where 'frequency sweep' tests 
[discussed in chapter 3] on tall buildings at a range of amplitudes gave FRP 
measurements that closely resembled those obtained from eqn.(9.1). In this case, the 
behaviour of the building showed a 'negative skew', while studies on glass panels 
using similar testing methods gave 'positive skew' characteristics. For both these 
structures, it was also seen that the severity of the skew became exaggerated as the 
amplitude of vibration was increased.
The report prepared by Ellis (1993) appears to point clearly to an appropriate solution 
that will satisfy the behaviour observed from the panels in the present work. But, as 
pointed out in the above citation, eqn.(9.1) does not fully explain all facets of the 
observed behaviour seen from the test measurements. The results of chapter 7 have 
shown that the natural frequencies of the composite panels exhibit amplitude 
dependency, which would also have some affect on their frequency response. 
However, the study also demonstrates that the damping was seen to vary more
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significantly with amplitude compared to frequency variation, which should be taken 
into account when formulating an appropriate FRF model. It is possible, therefore, 
that the modified behaviour observed in the panel FRFs (chapter 7) comprise the 
influence of both frequency and damping, the latter being regarded as the more 
dominant.
9.2.3 Published evidence to support the assumption that damping has a greater 
influence than stiffness on the modified vibration behaviour
Penzien (1964) conducted tests on reinforced and pre-stressed concrete beams to 
examine their damping characteristics when made from a variety of concrete 
constituent compositions. This author studied the nature of measured FRF change 
when the members were subjected to static pre-loads. The study highlighted a number 
of interesting outcomes, some of which were similar to the findings presented in this 
thesis. One of the items discussed by the above author, which is applicable to the 
candidate's research, is that the changes observed from measured FRFs were thought 
to be linked to damping fluctuations that occurred as a result of cracking of the pre- 
loaded beams. Although the study did not consider the variation of the damping to the 
extent examined in the present work, it was concluded that its influence should not be 
ignored when predicting the dynamic response of cracked concrete members.
Jeary (1995) discussed this aspect of damping versus damage in a report that focused 
on a typhoon damaged full-scale building. The study discussed the influence of 
concrete cracking on the changing characteristics of damping and considered the 
differences between damaged and undamaged concrete on a macro-scale. Within the 
discussion of the report, the author stated that '...it is the damping characteristics that 
tell-tale signs appear which allow the onset of damage (in concrete) to be highlighted 
well in advance of a dangerous situation'. These comments were placed in the context 
of damping and its amplitude dependency using what was termed a 'plateau model' 
[also described by Fang et al (1997)]. The model comprised three levels, which were 
called low, medium and high vibration amplitude effects. Using this plateau approach 
the author described how damping non-linearity, and its change with amplitude, could 
be linked to damage (cracking) and its extent. A description offered to explain why
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the damping was more strongly linked to vibration non-linearity was also given, where
is was noted that:
(i) The low amplitude characteristics of damping are largely unchanged by the
occurrence of damage, 
(ii) The point at which damping begins to become influenced by the presence of
damage is relative to the amplitude of vibration to which the structure is
subjected, 
(iii) As damage severity increases, the amplitude at which damping begins to vary
(or become 'non-linear' with respect to amplitude) becomes smaller as the
'work' required by a defect to induce additional energy dissipation is reduced.
These points appear to give an accurate reflection of the behaviour noted from the 
panel investigations, which will help to rationalise the approach that will be used to 
model the measured behaviour.
The reports cited above give evidence to support the relationship between cracking 
(particularly in concrete members) and damping induced non-linearity. Comparing the 
comments identified above to the findings of chapters 7 and 8, it follows that the cause 
of the adjusted FRF characteristics, seen from the panels, could be strongly linked to 
the occurrence of a modified damping behaviour. This reflects the proposals by Jeary 
(1995), where it is reasonable to assume that the above-mentioned modification is 
caused primarily by the dissipation of energy at the location of cracks, which is 
exaggerated by (i) the presence of more cracks (i.e. progressive damage), and (ii) 
increased vibration amplitude levels. To place this in the context of the panel tests, the 
mechanisms that occur during pre and post-damage conditions are relative to a two- 
phase process, i.e. (i) a visco-elastic phase, and (ii) a combined visco-elastic plus some 
additional characteristic that dissipated energy in a slightly modified way.
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9.2.4 Discussion of the possible damping mechanism exhibited by the composite 
panels
Given the evidence that is available (chapters 7 and 8) it is not unreasonable to assume 
that before cracking of the concrete occurred (pre-damage), no inter-surface friction 
could take place within the main body of the panel sections. In this condition the FRF 
of the panels can be modelled successfully, and with a high degree of correlation, 
assuming a visco-elastic model. When cracking of the concrete commences (post- 
damage), however, irregular surfaces are generated within the section that provide an 
additional mechanism for the dissipation of energy during vibration. Under these 
circumstances, the energy of the vibration would dissipate as heat, which would be 
generated by the combined actions of friction at a macro and microscopic crack 
surfaces level. This action could also provide a basis to explain the amplitude 
dependent nature of the damping, where larger excitation conditions would generate 
larger friction at the crack surfaces producing greater energy dissipation.
To predict vibration response with a model that assumes energy dissipation as a result 
of friction only, a 'coulomb friction' damping model would be appropriate [the 
formulation of which has been presented in text such as that by Thomson (1993) and 
Beards (1996)]. However, one major difference between the vibration response 
predicted with the coulomb assumption, and the results that were repeatedly found 
from the post-damaged panels, is that this mathematical model does not exhibit an 
exponential type decay-of-vibration. This form of decay was found to be dominant in 
all the response signals obtained from the laboratory, and as such should be 
maintained when choosing an appropriate mathematical solution.
9.2.5 Recent published reports on the prediction of non-linear vibration
Makris and Constantinou (1991) considered the analysis of vibration using a coulomb 
friction / viscous model that could exhibit a stick / slip behaviour. The approach 
proposed by these authors was to treat the problem in two parts involving the 
combined analysis of a visco-elastic and a stick / slip / stick model. When solved, the 
results from these models were added together to form the steady-state behaviour,
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which was achieved using a method similar to the convolution integration as outlined 
in Clough and Penzien (1993). With this method, Makris and Constantinou above 
explained that the stick / slip / stick behaviour could be varied depending on the 
number of '...stops per vibration cycle...' required. The result was a model that 
replicated the behaviour of a single-degree-of-freedom (sdof) oscillatory having an 
unsymmetrical 'step like' waveform to represent the steady-state response. It was also 
shown that the FRF portrayed 'positive skew' characteristics that varied depending on 
the amplitude level being analysed.
Whiteman and Ferri (1996) devised a formulation that could be used to predict the 
FRF of a sdof oscillator, which incorporated a displacement-dependent dry friction 
damper. The friction model assumed a stick / slip / stick type behaviour, but unlike 
the authors cited previously, this study aimed to simulate a more fluent steady state 
vibration displacement that avoided the 'step like' waveform, the latter of which was 
referred to as a 'discontinuous' model. To obtain the solution to the formulated partial 
differential equation of motion, which included the friction damper as a displacement 
dependent term, the authors used a '...Runge-Kutta time integration technique...'. 
The FRF calculated using this approach gave a 'skew' type profile, which could be 
adjusted depending on the level of amplitude dependence assigned to the friction 
model (termed a 'ramp coefficient' by the authors).
Iwan and Huang (1996) presented a detailed investigation into the analysis of 
'softening-spring and hardening-spring Duffing models' using a 'Monte Carlo' 
technique as part of the non-linear differential equation of motion solution procedure. 
The study shows that at large amplitudes of vibration the calculated response of these 
models can become chaotic in nature with rapid displacement growth occurring, which 
the authors felt would not provide a meaningful application to structural problems. 
However, the authors used the formulated sdof expression to predict the response of a 
spring-mass system to earthquake type load, which gave displacement results 
assuming non-linear stiffness and an additional parameter to account for non-linear 
damping. Focusing on the peak amplitude results, the study showed that the models 
that incorporated these non-linear terms predicted higher displacement values than 
those assuming linear parameters. Therefore, the model was proposed as a method for
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the inelastic analysis of sdof systems. Bruneau and Wang (1996) also carried out 
similar studies where the formulated expressions considered non-linear damping as a 
function of a '.. .bi-linear hysteretic yield model'.
Crespo and Ruotolo (1996) formulated an expression to obtain the FRF of sdof and 
higher order (two dof) cantilevers containing cracks. The non-linear model was 
formulated to consider non-propagating cracks, while non-linear stiffness, which was 
the main focus of the study, was based on the assumption that the cracks open and 
close during oscillation [an approach also considered by Eccles et al (1999)]. By 
varying the depth of the cracks, which was modelled as a two-phase stiffness problem 
(i.e. open crack phase and closed crack phase), the authors demonstrated its influence 
on the calculated FRF. The function was thus shown to change depending on the level 
of cracking assumed, which mainly indicated a reduction in the natural frequency. 
However, no skew characteristics were noted in the presented FRFs.
9.3 Background to the Trial Solution Process
Before dealing with the approach that was found to provide a good match to the 
measured post-damage FRFs, it is worth reflecting on a number of the trials that were 
considered prior to the study that gave an appropriate solution. By illustrating the 
process undertaken to reach the final solution, a discussion of non-appropriate 
mathematical forms can also be presented.
9.3.1 Closed form solutions to the differential equation of motion - Formulation 1 
9.3.1.1 Establishing a modified differential equation of motion
The initial trials aimed to replicate the observed measured FRF behaviour by focusing 
on a formulation that made adjustments to linear Second-Order Differential Equations 
(SODE), which aimed to introduce additional velocity dependent terms in an attempt 
to account for a modified damping behaviour. Remembering that a linear visco-elastic
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where £, con and co/ are the damping ratio, natural frequency and forcing frequency 
respectively, while x, m and F0 are displacement, system mass and applied dynamic 
force. Consider eqn.(9.2) with an adjustment in the form,
F= —-sin((o ft) (9.3) 
m J
where g(x) is a function that adjusts the velocity component of the linear SODE. To 
determine the form of g(x), the aforementioned expression can be re-arranged to give,
F " 2
—^ShXcOyO-X-CO,, X
g(x) = -&—————————— (9.4)
To achieve the steady-state solution to eqn.(9.3), it should be assumed that the 
response of the system can be expressed using a sinusoidal form given by,
(9.5)
where X is the peak steady-state amplitude of the vibrating system when excited at a 




co n 2 -co/
(9.6)
is the phase between the F0 and x, g(x) can be re-written as,
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x2 sincp +(coy 2 -co,, 2 )*
' 2 -x2 (9.7)
In eqn.(9.7) g(x) has been reduced to a form that is dependent only on the 
displacement of the system, which provides the basis for the desired formulation (i.e. 
amplitude dependent damping). To rationalise this expression, eqn.(9.7) can also be
written as,
F i











= +1 when G> n >coy
Xm
sm(p
= -1 when «„ <coy
(9.9a)
(9.9b)
which appears to point to a solution that will produce a displacement response having 
different characteristics at excitation frequencies below the natural frequency 
compared to those when the forcing frequency is higher than COH . Taking eqns.(9.9a) 




Substituting eqn.(9.10) into eqn.(9.3) then gives,
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—^COSffl + CO-rXm J
-x m
(9.11)
To obtain the steady-state solution to eqn.(9.11), a power series expression was used, 
which assumed that the total displacement x could be calculated using,
= xl +r\x2 +r\ 2 x3 +... + r\ n ~ lxn (where « = integer values) (9.12)
Considering the aforementioned expansion of x when n = 2, (i.e. a first-order 
expansion), substituting eqn.(9.12) into eqn.(9.11), and collecting like r\ terms gives,




where eqn.(9.13a) is the linear SODE as presented by eqn.(9.2). The solution to 
eqn.(9.11) incorporating eqn.(9.12) is therefore seen to be a combination of the linear 
SODE, which is modified by an equation of motion having the form of eqn.(9.13b). In 
order to simplify the solution process, it will be assumed that,
max —2- m
(9.14)
where Xmax is the peak steady-state amplitude of the linear SODE when co/ is equal to 
ov If the required adjustment to the linear FRF is small, TI will also be of a modest 
magnitude, which allows eqn.(9.13b) to be written as,
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22COSCp + Oy -CO,,J
) n X 2 =
2 21 
< ~ xl 1*1
(9.15)
It is assumed that the steady-state response of eqn.(9.11) has a sinusoidal form, an 

















and eqns.(9.17c) and (9.17d) are subject to the following conditions:
(a) if CO M > coy, eqns.(9.17c) and (9.17d) remain unchanged, while






Thus, eqns.(9.17a to d) to (9.19a and b) can be used in conjunction with eqns.(9.12) 
and (9.16a and b) to calculate the displacement response. Finally, to calculate the FRF 
for varying values of r\, it is possible to determine the modified peak amplitude 





which is consistent with the peak value that would be obtained from the linear SODE 
as assigned to eqn.(9.5). Figure 9.1 presents the FRF obtained using the mathematical 
expressions formulated above, which illustrates the amount of change that occurs to 
the linear solution as r\ is increased.
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9.3.1.2 Discussion on the formulated closed form solution
The initial trial outlined above was based on the assumption that the adjusted FRF 
could be obtained using a function that would contain components of displacement (jc) 
relative to the peak amplitude X. A simplification was introduced, which assigned the 
maximum peak steady-state amplitude (Xmax) with a value that would be obtained from 
a linear SODE when excited at the natural frequency. This simplification allowed a 
convenient solution to the adjusted equation of motion, which was found to comprise 
two parts, (i) a linear visco-elastic part, plus (ii) a modified equation containing the 
components of the function g(x).
Figure 9.1 illustrates the characteristics of the modified FRF, which also indicates the
visco-elastic solution for comparison. The main points to note from this comparison
are:
(i) The modified FRF gives a profile that approximates to the visco-elastic solution,
but has the affect of 'sharpening' the resonance peak, 
(ii) The solution portrays no 'skew' characteristics, as the modified profile remains
'symmetrical' relative to the visco-elastic FRF. 
(iii) As r| increases, the modified FRF characteristics remain approximately
consistent with regard to (i) and (ii) above. The arrows in Figure 9.1 illustrate
the main adjustment that is caused as a result of increasing t|.
Clearly, the modified FRF obtained from the above formulations does not match the 
measurements taken from the damaged composite panels presented in chapter 7. The 
reasons that could be given for the lack of 'skew' mentioned in (ii) above are not 
entirely clear, as the expected outcome due to eqns.(9.9a) and (9.9b) appear to indicate 
that the displacement response when (i) co n > co^, and (ii) co n < ca^- would have
different characteristics.
It is possible that the approach considered above might eventually lead to an 
appropriate solution that would match the FRFs obtained from the damaged panels if 
higher components of V in eqn.(9.12) were introduced. However, the presence of 
other components in g(x), such as m, F0 and cp, may have an influence on the 
formulation that is not applicable to the characteristics required for a 'skewed' FRF
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solution. To continue the analysis, which aims to achieve the latter, a number of trials 
were considered that were similar in approach to that outlined above, but chose to 
limit the number of components in g(x) to those thought to be most appropriate. To 
represent the system behaviour, subsequent analyses focused on making adjustments 





0.1 ~—— k ——————————————————————————————— ———————
I——j = FRF profile-adjustment with increasing 'r)' in eqn.(9.12).
37 37.5 3832 325 33 335 34 34.5 35 35.5 36 36.5 
FREQUENCY OF FORCED EXCITATION (Hz)
Figure 9.1 - Illustration of the adjusted FRF obtained from the modified differential 
equation of motion given by eqn.(9.11) above. The profiles indicated in 
this figure were calculated using n = 2 in eqn.(9.12).
9.3.2 Method based on 'perturbation' of the linear visco-elastic model - Formulation
2
9.3.2.1 Using a first-order perturbation 
Consider the following,
x+(d n x = —-sin(a>yO (9.21)
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where the g(x) has been replaced with a function containing components of the system 
parameters, restricted to displacement and excitation frequency terms. In eqn.(9.21) e 
represents a first-order perturbation, which enables small changes to be introduced into 
the expression. It is also noted that the adjustment has focused on the velocity 
dependent terms only, which again aims to simulate a modified damping behaviour.
[ x G* f} 1 + e ———— — comprises of two dimensionless components, which aim
to alter the behaviour of the damping:
(i) relative to the ratio between the displacement of the system (x) and the peak
steady-state amplitude (Xmw^ at the natural frequency [again, assuming the latter
to be the linear solution], and 
(ii) using a quantity that is dependent on the ratio between the forcing and natural
frequency.
The most important aspect relates to (i) above, where the damping has been modified 
to have vibration amplitude dependence. To obtain a solution to eqn.(9.21), it can be 
assumed that the displacement has the form,
jc(/) = xu (0 when e = 0 (9.22a) 
x(t) = xu (r) + sxp (t) when e 0 (9.22b)
where *„(/) and xp(f) are the 'un-perturbed' and 'perturbed' displacement solutions 
respectively. Considering the case when e 0, eqn.(9.22b), and its derivatives with 
respect to time, can be substituted into eqn.(9.21) to give,
7?




(neglecting second-order e terms). It is assumed that the steady-state solution to 
eqns.(9.23a) and (9.23b) can be expressed using an oscillatory form as before,
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xu = Asmfaft) + Bcos(wft) (9.24a) 
xp = C sin(2coyO + D cos(2o)yO (9.24b)
where the components of A, B, C and D can be determined. Substituting eqns.(9.24a) 
and (9.24b) into eqns.(9.23a) and (9.23b), these components can be defined as,
F (® n -& f )A =—— ——(9 - 25a>
m
(9.25c)
D = —————v 3 " x 2——————— (9.25d)
which is used to calculate the steady-state displacement as defined by eqn.(9.22b). To 
calculate the FRF, the peak amplitudes corresponding to a range of oy values can again 
be achieved by setting time t as given by eqn.(9.20).
The FRF calculated using eqn.(9.22b) is shown in Figure 9.2(a). The figure illustrates 
the modified profile of the FRF corresponding to various values assigned to s, but it 
should be noted that the magnitude of the latter required to induce change is actually 
quite large. At the outset is appears that the assumption of the required 'perturbation'
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(i.e. the amount of system damping change) being small has been violated, which 
suggests that higher orders of E may by required.
9.3.2.2 Using a second-order perturbation
To assess the influence of higher s components, the solution to eqn.(9.21) was also 
sought based on a second-order perturbation, which has the form,
(9.26)
Substituting eqn.(9.26), and its derivatives, into eqn.(9.21) and collecting e terms of 
similar order (neglecting those with third-order components) gives,
7 Fx u + 2t,® n xu + a> n xu = -^-sinfco ft) (9.27a)
m
\xu xu (9.27V)
2 X 0/-- •n xp2 =2Cfo n \— ———— xp\xu +xpl xu (9.27c)
It is noted that eqns.(9.27a) and (9.27b) are similar to eqns.(9.23a) and (9.23b), and as 
such allow eqns.(9.24a) and (9.24b) to be assigned the components of A, B, C and D as 
given by eqns.(9.25a) to (9.25d). To determine the contribution of the second-order 
perturbation term, a trial solution of the form,
xp2 =Esin(3(i)ft) + Fcos(3>(oft) + Gsm(o)ft) + Hcos((i)ft) (9.28) 
was required, which after substitution into eqn.(9.27c) gave,
309








Adopting a similar procedure to that assumed for the first-order perturbation [i.e. 
calculating the displacement when time t is equal to eqn.(9.20)] the FRF is achieved. 
Figure 9.2(b) illustrates the influence of various s magnitudes, where it can be seen 
that in order to produce a modified FRF, value of e remains relatively large.
9.3.2.3 Discussion on the perturbation approach
It can be seen from the FRFs presented in Figure 9.2(a) that the amount of perturbation 
(s) required to produce an appreciable change to the linear visco-elastic solution was 
larger, while higher orders of s [Figure 9.2(b)] required a reduced amount of 
adjustment. In both cases considered, it is clear that the approach is not appropriate, as 
the assumption that the amount of change to the linear SODE will be small has not
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been fulfilled. Reflecting on the two cases considered, it is possible that the 
magnitude of e might reduce if further components of £."xpn(f) (where n = integer 
greater than 2) in eqn.(9.26) are considered. Incorporating additional components in 
this way could then lead to a solution that would give the desired magnitude for s. 
However, there are two main problems associated with such a progression, (i) 
eqn.(9.26) with the addition of further terms becomes excessively complicated, due to 
the need to further extend the steady-state displacement trial solution, and (ii) it 
appears that the calculated FRF profile does not match that observed from the 
measurements taken from the damaged panels. The former of these points is a 
problem that could be solved with further manipulation of the system equations, but 
the practicality of developing a method that appear not to provide the required solution 
must be taken into account.
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= FRF profile-adjustment with increasing 'E' in eqn.(9.22b).
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I J> = FRF profile-adjustment with increasing 'e' in eqn.(9.26).
32 32.5 33 33.5 34 34.5 35 35.5 36 36.5
FREQUENCY OF FORCED EXCITATION (Hz) 
(b)
37 37.5 38
Figure 9.2 - Illustration of the adjusted FRF obtained from the modified differential 
equation of motion given by eqn.(9.21) above. The profiles indicated in 
this figure were calculated using (a) eqn.(9.22b) and (b) eqn.(9.26).
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9.3.3 Method assuming a combined 'visco-elastic and coulomb-friction' damper - 
Formulation 3
9.3. 3.1 Using an 'equivalent viscous' coulomb-friction damper
The methods considered above have focused on the possibility that the modified FRF 
can be produced with adjustments made to the velocity dependent components of the 
linear SODE. These have been shown to provide in-appropriate solutions, and appear 
not to offer a convenient way forward.
As an alternative, the condition of a combined 'visco-elastic and coulomb-friction' 
damper was considered. This assumption relates directly to the discussion presented 
in section 9.2.4, where it was stated that the behaviour of the panel damping after 
damage might be composed of a viscously dominated response modified by the 
presence of a friction energy dissipater.




2 n x =—2-sin.(<A ft)m J (9.30)
In eqn.(9.30), the term is the combined damping model, which
makes use of the formulated 'equivalent viscous' coulomb-friction energy dissipater as 
presented by Thomson (1996) where Fj is the friction force. To calculate the peak 
steady-state amplitude of the equation of motion presented above, it is again 
convenient to assume that the displacement response can be determined using 
eqn.(9.5). Substituting eqn.(9.5), and its derivatives, into eqn.(9.30) and collecting 
like sine terms gives,
313
Modelling the Characteristics of Measured Frequency Response Functions ... Chapter 9
) ft - cp) = —-sin(co ft)
J m J
(9.31)
Instead of solving for x, it is noted from eqn.(9.31) that X can be obtained directly 
from a representation of its 'vector relationship', which is shown graphically by Figure 
9.3. Using this graphical approach, which takes account of all components contained 
in the differential equation of motion above, it can be seen that equilibrium of the 





Figure 9.3 - Vector relationship for steady-state forced vibration with a combined 
visco-elastic plus an equivalent viscous coulomb-friction damper.
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Expanding eqn.(9.32), and collecting terms relative to powers of X, gives,
/ + CO/ - 20,,, V + «; XV k2 +
Tim
which can be seen to be a quadratic equation with a solution of the form,
v -e±Je2 -4df ——— 2d——
where
(9.33,
d = (co/ + co/ - 2co n 2 co /2 + 4£ 2 (D B 2 G>/2 ) (9.35a)
(9.35b)
2 F 2 } and / = |±^L___!L_ (9.35c)
The adjusted phase (9) can also be found, which is determined using,
(9.36)
The solution to eqn.(9.34) for varying co/is presented by Figure 9.4, which illustrates 
the adjusted FRF relative to the visco-elastic behaviour caused when different values 
of Fd are considered. The values of Fd that were used to compile the above-mentioned 
figure are shown in relative terms, i.e. Fjx 1, to
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- FRF profile-adjustment with increasing 'Fd' in eqn.(9.34).
FREQUENCY OF FORCED EXCITATION (Hz)
Figure 9.4 - Illustration of the adjusted FRF obtained from the combined visco-elastic 
and equivalent viscous coulomb-friction damper given by eqn.(9.30) 
above.
9.3.3.2 Discussion on the combined damper approach
The combined viscous and coulomb-friction damper included above has shown that 
the peak steady-state amplitude solution obtained for eqn.(9.30) provides modified 
FRF characteristics, but unfortunately, the solution does not provide a 'skew' type 
profile. The reasons that could be given for the lack of FRF 'skew' from this approach 
could be attributed mainly to the formulation adopted. It can be seen from eqn.(9.32) 
that the influence of the added damper, on the 'force vector relationship' of Figure 9.3, 
serves only to increase the damping force by an amount that remains constant with no 
dependency on the peak steady-state amplitude. With regard to the affect of adding 
such a constant, there will clearly be no induced variation to the viscous damper 
through the frequency range of the FRF, as the added equivalent model merely 
increases the former by an amount dependent only on Fd. As a result, no fluctuation of 
damping is introduced, making the modified FRF appear simply to reflect
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characteristics that could be achieved if an increased value of viscous damping were 
considered.
9.4 Formulating a Mathematical Expression to Fit a Modified FRF 
Characteristic of the Damaged Composite Panels
The salient aims of this method are to:
(i) Produce a mathematical expression that can be used to match the FRF of post- 
damaged composite panels observed from measurements by incorporating 
additional terms into the formulation of the existing visco-elastic FRF model.
(ii) Using (i), determine the extent to which the FRF characteristics are affected by 
the presence of damage.
(iii) Establish if the results of (ii) can provide a basis for use as an additional damage 
identification parameter.
9.4.1 The trial mathematical expressions
The mathematical expressions considered in this section were formulated in an attempt 
to reflect the main characteristic of the FRFs obtained from the measurements that are 
presented in chapter 7. It was seen from the latter that the visco-elastic properties 
dominated the response of the panels at all stages of imposed damage, and as such the 
expressions considered from herein were prepared to maintain this observation. The 
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and is equivalent to eqn.(9.14). To obtain a response function that resembles that 








where y is a function that modifies the damping characteristics. It should be noted at 
this stage that the modification does not aspire to simulate the behaviour that could be 
attributed to an appropriate damping model, but aims simply to find a solution that 
will provide a 'skewed' FRF profile.
Without presenting all the y functions considered, only the composition that was found 
to provide the required characteristics of the measured FRFs will be presented. 
However, for completeness, Table 9.1 has been included to illustrate a number of the 
trials that have been considered, but were found not to be appropriate.
9.4.2 The function that successfully produce the required modified FRF
After numerous trail functions in y, the solution that was found to modify the FRF 
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Equation (9.39) is dimensionless, while '«', '&' and '«' are constants that can be 
adjusted to suit the required FRF profile, which enables its characteristics to be 
modelled at each level of imposed damage.
9.4.3 The influence of parameter adjustment on the proposed formulation
To demonstrate the affect that different values of 'a', "V and '«' in eqn.(9.39) have on 
the profile of the adjusted visco-elastic expression, Figures 9.5(a) to (c) have been 
prepared. The main points to note from these figures are described in the following 
discussions.
9.4.3.1 Influence of the constant 'b'
The influence of '£>' on the profile of the adjusted FRF is illustrated by Figure 9.5(a). 
To make the influence easier to identify, a number of arrows have been included on 
the figure as before, which show the direction of the change in 'deformation' as '£' 
reduces, which occurs relative to the linear visco-elastic function. The example 
portrayed by this figure assumes that the values of 'a' and '«' remain constant. The 
actual values that have been assigned to these constants are not important for the 
illustrated demonstration. But to emphasis the sensitivity of the adjusted FRF, the 
figure shows three functions, one that reflects the profile obtained from the visco- 
elastic model, while the remaining lines showing the change that is created when '6' 
has relative values of' 1' and '10'.
9.4.3.2 Influence of the constant 'a'
Figure 9.5(b) show the variation that occurs to the adjusted profile when '£' and '«' 
remain constant, while '«' is varied. The arrows have again been included to show the 
profile changes created, which in this case depict the adjustment that results when V 
is increased. A total of five FRF profiles are illustrated with one being the visco- 
elastic response as before. The remaining four functions were the result of changes 
made to 'a', which represent relative values on a scale of' 1' to '4'.
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9.4.3.3 Influence of the constant 'n'
Figure 9.5(c) shows the FRF of the adjusted response with 'a' and '&' maintained at 
constant values, while '«' varies with relative values from T to '4'. The visco-elastic 
model is again included for comparison, while the four functions that represent the 
aforementioned variation influence the change in the profile as indicated by the 
arrows, which illustrate increasing '«' values.
9.4.3.4 Characteristics of the adjusted FRF
The influence of the constants '«', '£>' and '«' change the profile of the FRF in the
following way:
(i) Changes to 'a' and '&' deviate the peak of the FRF to simulate the shifting of the
resonance frequency relative to the visco-elastic model, 
(ii) Adjustments made to '«' produces a rotation (or 'skew') of the resonance peak
allowing this feature to be replicated, as seen from the measurements taken from
the damaged panels (chapter 7).
9.4.4 Applying the adjusted FRF to measurements taken from the damaged 
composite panels
The FRFs presented in chapter 7 indicate that the frequency response behaviour of the 
un-damaged composite panels could be modelled accurately assuming the visco-elastic 
model in its standard form. No further analysis of the panels corresponding to this 
condition was therefore carried out. The post-damaged results, however, did show 
that the measurements deviate from the visco-elastic model, the extent of which was 
seen to change. The latter aspect, i.e. the amount of deviation, is of main concern here 
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9.4.4.1 Applying the function to the results recorded from a full panel test at a 
constant excitation-force-level
Figures 9.6(a) and (b) show a comparison of eqn.(9.38), incorporating eqn.(9.39), and 
the results obtained from the measured post-damaged panel FRFs. The example 
shown is typical of all panels, but the amount of adjustment required to make the 
expressing fit the measurements varied.
9.4.4.2 The influence of the 'a', 'b' and 'n' constants at various excitation force- 
levels
To illustrate the value change of the constants 'a' and '«', Figures 9.7(a) to (c) have 
been included. It is seen from the figure that the above constants show change with 
amplitude of vibration, which is an expected outcome. However, it should be noted 
that the dominant change is due to the values assigned to the constant'«', which is the 
parameter responsible for the skew of the response peak as identified earlier. In all 
cases, the value of '6' was kept constant.
9.4.5 Possible influence of the adjusted FRF on the characteristics of the damping
The discussion above has identified that the proposed adjustment gives an appropriate 
model to match measured FRFs. However, it is not clear how damping is affected by 
the imposed modification.
To obtain a measure of the damping modification, and to establish its fluctuation 
throughout the range of frequencies that make up the FRF, a number of steps can be 
taken. It is clear from eqns.(9.38) and (9.39) that both £ and y are regulated in a
CO/-
manner that is mainly dependent on the ratio of -^-. Using this knowledge, and
assuming that the influence of y can be related directly to a modification of C,, it is 
possible to examine the effect of the former on the latter by defining,
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where i;mod is the modified damping ratio. Figure 9.10 shows eqn.(9.41) 
corresponding to a range of forcing frequencies co/, and illustrates the characteristics of 
the modified damping relative to the various n parameters used in eqn.(9.39).
9.5 Result of Applying the Proposed Expression to all Damaged Panels
9.5.1 The procedure adopted to fit the adjusted FRF to the measured data
(i) To produce a fit of eqn.(9.38), incorporating eqn.(9.39), to the measure FRF, the 
approach adopted was to first introduce changes to the constant 'a' using the 
results of the best-fit visco-elastic correlation of chapter 7 as a basis for the 
adjustment. Assigning different values to 'a' had the effect of moving the 
position of the response peak relative to the profile gained from the linear visco- 
elastic calculations along the frequency axis, which resembled that of a natural 
frequency shift. Thus, starting at an appropriate value, followed by successive 
trials at a regular increasing interval, the value of V that provided the best fit 
was noted when the peak of the calculated response function [eqn.(9.38)] was in 
line with that observed from the measured data.
(ii) Secondly, having found an appropriate value of '«', the constant '«' was 
similarly varied until the skew of the profile matched the measurements.
(iii) In all cases, no variation of '6' was required, which remained at a constant value 
of 1.5 throughout the calculated / measurement fitting procedure.
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(iv) Finally, with all constants established for one FRF, subsequent profiles that 
represented the measurements after additional applied load increments were 
found by making modifications to the values determined from the previous curve 
fit. With this approach the effect of changing '«' and '«' could be assessed on a 
relative basis, where the influence of added 'damage' was identified from the 
amount of adjustment that was needed after each interval.
9.5.2 Main points to note from the results
The measured FRFs that were obtained from the panels during the pre-damage stages 
of the laboratory tests were found to reflect closely the profile of the response function 
calculated with the linear visco-elastic model, with no evidence of profile skew being 
observed. As a result, it was decided to concentrate the study on the post-damage 
stages of the tests only, the results of which have been compiled and presented by 
Figures 9.8 and 9.9.
The values that have been assigned to the constants '«' and '«' have a magnitude that 
was dictated by the parameters of natural frequency and the damping ratio. Values of 
'a' and '«' would therefore probably yield different quantities if applied to structures 
with contrasting natural frequency and damping values to those found from the panel 
measurements. To facilitate a clearer interpretation, the changes to 'a' and '«' have 
been normalised and included in the aforementioned figures.
Results from modifications required to the constant 'a':
(i) The change of the constant 'a', with progressive damage, was found to provided 
inconclusive results. Although the general trend of'«' for panel type SI appears 
to indicate a gradual increase (relative change of 1.0 at 'first-damage' to «1.15 at 
impending failure), the individual values are scattered. This is also reflected in 
the results from panel type S2, where the trend is even less distinguishable.
(ii) For both SI and S2 panels, the results given in Figure 9.8 are those obtained 
using data from all three excitation-force-levels. It is clear from the results that 
V appears not to show any trend that could be related to the various force-levels 
considered in this study.
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(iii) It is the candidate's opinion that the lack of a visible repeatable trend in '«', 
could be attributed to a factor involving the amount of measured data that was 
collected during the laboratory tests. Throughout the studies carried out and 
presented in this chapter, the commencing point of the correlation of measured 
and adjusted FRFs was based in the information determined in chapter 7. i.e. the 
values of natural frequency and damping adopted for the adjusted expression 
were as calculated assuming the linear visco-elastic model. The FRFs that are 
obtained using the visco-elastic model [eqn.(9.37)] depend on the amount of 
measured data and on the frequency range over which the correlation is 
considered. Therefore, the natural frequency and damping that is obtained from 
one data set, comprising a certain number of response amplitude data points, will 
yield different dynamic characteristics to one with a dissimilar data composition 
(under similar test conditions) due to the correlation procedures. Since the value 
assigned to 'a' merely modifies the position of the response peak [see Figure 
9.5(b)], variations in the accuracy of the initial correlation will be reflected in the 
adjusted expression of eqn.(9.38).
Modifications required to the constant'«':
(i) Unlike the findings identified above, the variation of'«' found from the study 
showed a definite trend. In addition, its change with amplitude of vibration was 
also distinguishable.
(ii) The results indicate that the 'skew' of the measured FRFs changes after each 
interval of progressive damage, and that the amount of change in '«' is 'near 
linear', as demonstrated by the regression lines included in Figure 9.9.
(iii) A presentation of the results using a normalised scale also indicates an additional 
interesting feature, which appears to suggest that the variation of'«' throughout 
damage for the three excitation-force-levels is approximately similar.
(iv) The amount that'«' varies, as indicated by the normalised scale, for panel types 
SI and S2 were calculated to be 2.0 and 2.5 respectively. Each division within 
this range therefore reflecting the progressive increase in the amount of modified 
damping that occurred to the frequency response of the panels.
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9.6 Concluding Discussion
The aim of this chapter was to present a mathematical expression that could be fitted 
to the measured FRFs obtained from the laboratory tests. Initial trials that focused on 
modifications made to a linear differential equation of motion produced in-appropriate 
solutions. As a consequence, further studies concentrated on an approach that 
introduced adjustments to the visco-elastic FRF expression directly. Using the 
adjusted expression, a formulation has emerged that was seen to match the profile of 
the FRFs measured from the damaged composite panels, which provides an additional 
indication of progressive defects.
Throughout the latter part of the study, it has been assumed that any adjustment to the 
FRF of the viscous model should focus on modifications introduced to its damping. 
However, it is stressed by the candidate that the adjusted expression [eqn.(9.38)] was 
not formulated to replicate the behaviour of the panels in a manner that could be used 
to calculate transient or steady state response properties (i.e. time varying response). 
But, it has been shown that it is possible to identify modified damping throughout the 
frequency range of the FRF, which generally shows that: 
(i) when (ro/ < con), ^mod < C, 
(ii) when (o>/> con), <;mod > £.
Although the 'skew' of the FRF appears to occur when the panels became damaged, 
the candidate accepts that other structures [such as those considered by Ellis (1993)] 
may show frequency dependent FRF modifications at large amplitudes, even when 
damage is not present. Clearly, taking the latter into account, there appears to be a 
relationship between amplitude of vibration and frequency dependent modifications, 
the detail of which is not precise. Nevertheless, by considering a modified FRF, the 
study presented in this chapter suggests that damping may have a much larger 
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Figure 9.6 - Sample 'frequency sweep' data showing the changes observed to the 
measured FRF (natural frequency and damping as Figure 7.19 - chapter 
7). (a) Measured results against the adjusted FRF of eqn.(9.38), (b) 
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Figure 9.8 - Compiled results obtained from a fit of the adjusted FRF expression 
[eqn.(9.38)] to the measured data of the post-damaged panel sections. 
The figure presents the actual values of 'a' required, which have been 
normalised to show the change corresponding to progressive damage. 
(a)+(b) Panel type SI, (c)+(d) Panel type S2.
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Figure 9.9 - Compiled results obtained from a fit of the adjusted FRF expression 
[eqn.(9.38>] to the measured data of the post-damaged panels. The figure 
presents the actual values of V required, which have been normalised to 
show the change corresponding to progressive damage. (a)+(b) Panel 
type SI, (c)+(d) Panel type S2.
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= C,mod using eqn.(9.41), with increasing '«' in eqn.(9.39).
0.015
FREQUENCY OF FORCED EXCITATION (Hz)
Figure 9.10 - Illustration of the modified damping properties, ^mod, using eqn.(9.41), 
with increasing values of'«' in eqn.(9.39).
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CHAPTER 10
Conclusions and Recommendations 
10.1 Foreword to the Conclusions
A number of studies have been presented in this thesis that involve identifying 
dynamic characteristics as determined from actual vibration response measurements. 
It is shown that these can be used to assess damage in structures of varying complexity 
in conjunction with mathematical or numerical models. To provide a comprehensive 
investigation, the study has focused on the whole-frame performance and localised 
behaviour of a full-scale test building where damage severity was known to exist to 
varying extents. Three scales of damage have been studied, which were: 
(i) Large scale damage, which would render the structure unacceptable for use (i.e.
fire induced damage where large portions of the structure were affected), 
(ii) Medium scale damage, which could be attributed to localised cracking of
concrete floors (i.e. damage induced by excessive load at certain points within
the structure causing damage to the regions around the locations of the applied
load), and 
(iii) Small scale damage, which could be interpreted as the cracking of discrete
elements that make up the fabric of the building (i.e. damage within localised
elements as if isolated and removed from the structure).
Chapter 4 presented a study that used vibration response data collected from an un­ 
damaged eight-storey steel-framed building in order to establish the accuracy of 
analytical models, which were prepared to predict its natural frequencies. A number 
of natural frequencies were determined from response measurements that represented 
the motion of the building as a whole (i.e. whole-frame behaviour). The outcome of 
the study showed that the two numerical models, prepared to reflect the structural 
properties of the building 'as-built', did not produce calculations that matched those 
seen from measurements.
To overcome the observed discrepancies, chapter 5 presented a study that aimed to 
calibrate one of the numerical model by introducing aspects of structural behaviour
333
Conclusions and Recommendations Chapter JO
that were felt to account for the differences in measured and calculated frequencies 
reported in chapter 4. The study showed that assumptions relating to structural 
properties of members at their connections (joint-fixity) and non-structural parts, such 
as in-fill-walls, significantly influenced the calculated natural frequency results. A 
calibration methodology was proposed, which allowed the properties of the 
aforementioned structural parts to be identified using a rational graphical method, 
from which a calibrated model was achieved (this utilised the frequency measurements 
taken from the undamaged building). Mode shape measurements were also used 
during this process as a means of identifying appropriate modifications to the 
numerical model in order to produce an accurate calibrated set of natural frequencies.
The aim of the above studies was to establish if it would be possible to relate 
calculated natural frequencies, from a calibrated model of the undamaged structure, to 
similar measurements taken after damage. However, data obtained subsequent to 
large-scale damage, showed that the natural frequencies of the building did not change 
by an amount that would be regarded definitive (as opposed to marginal daily 
variations owing to ambient temperature, etc.).
In chapter 6 a study was presented that examined in more detail localised characteristic 
behaviour of the steel-framed building by focusing on natural frequency measurements 
taken from one of its floor slabs. This study made use of the calibration methodology 
proposed in chapter 5, which enabled measurements taken from the slab before and 
after damage to be calibrated against numerical models. From this comparison, it was 
found that perceptible changes in the frequencies, which were observed in the 
measurements, could be related to stiffness modifications at the boundaries of the floor 
areas affected by the damage. As a result, the extent of the defects at the locations of 
the known damage could be quantified allowing its influence on the continuity of the 
slab to be defined.
The contents of chapters 7 then discussed the methodology of treating individual 
representative parts (panels) of the floor slab, which was considered in chapter 6. 
Following a thorough laboratory schedule of static and dynamic testing, this study 
showed how strain and deflection data could be used to determine the mechanical
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performance of the panels through stages of static load, which was related to 
information collected from the dynamic tests. Considerable effort was dedicated to 
this task, where natural frequency, damping and mode shapes were obtained 
corresponding to the appropriate stages of static loading. The study also considered 
the properties of these dynamic characteristics relative to the amplitude of vibration, in 
order to examine if the former would influence the latter.
Chapter 8 presented a detailed study into the static load resistance of the panels, which 
was conducted to establish the mechanisms that were responsible for the degradation, 
as gleaned from the test results of chapter 7. The study showed that the degradation of 
the panels was likely to be due to the development of concrete cracking that occurred 
at certain levels of applied bending moment. It also identified that the development 
and demise of friction bond within the section was an important factor.
Chapter 9 entailed a number of mathematical model, which could be used to extract 
additional parameters relating to the damage from frequency response functions 
obtained from the composite panels of chapter 7.
10.2 The Conclusions
The main conclusions drawn from the present work are:
(i) This work has demonstrated that there is a considerable amount of knowledge to 
be gained regarding the true behaviour of engineering structure from 
comparisons made between measured and calculated natural frequencies and 
mode shapes. In this study, it was found that numerical models, prepared to 
reflect the 'as-built' structure of a building and one of its floors, did not yield 
solutions that accurately reflected measurements. The calibration methodology 
that has been proposed could therefore be used as a means of establishing the de 
facto properties of certain parts of the structure. Prepared in a graphical form, 
this method can be used for any structure where the influence of varying fixity / 
stiffness at (for example) jointed parts can be established using a scalar quantity. 
To achieve the calibration, only the extreme fixity conditions need be analysed,
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which saves a significant amount of analytical effort especially when the 
structure being considered comprised a large number of jointed parts.
(ii) It is clear that the effectiveness of damage identification from changes in natural 
frequency increases as the complexity of the structure being considered reduces. 
As a result of the studies presented in this thesis, damage detection within 
structures that have a comparable scale and complexity to the eight-storey steel- 
framed building are clearly impractical. The number of potential variables (from 
a structural standpoint) within the structure is simply far too extensive to 
designate accurate reasons for the observed frequency changes. In addition, 
whole-frame response appears not to be significantly affected by the presence of 
damage, even when the defects are extremely severe. Therefore, it is the 
candidate's opinion that damage identification on a large scale using only whole- 
frame (or whole-structure - if a different structural form is being considered) 
response measurements will yield very little useful information, and as such 
should be avoided.
(iii) Studies conducted to consider damage identification on a scale comparable to a 
building floor slab appears to indicate that a localised approach could be more 
practical. However, within the study presented in this thesis, it was assumed that 
changes in measured frequencies that were equal to the resolution of the 
autospectra, obtained from a fast Fourier transform, was a reasonable indication 
of damage, which itself is a bold presumption. But, the damage that had 
occurred to the floor was actually quite severe, which would have been noticed 
from a visual inspection with limited effort (i.e. by removing floor tiles for 
example) without the need for a single vibration test.
(iv) Although (iii) has identified a negative aspect of applying damage detection to 
floor slabs, it should be recognised that vibration data used in this way could 
provide a means of identifying potential damage sites where visual inspection 
would require significant effort or would yield little or no result. The natural 
frequencies of an area of floor can be established very quickly, which allows a 
large number of such sites to be assessed in a small amount of time. It is here 
that the strength of the method is more prominent, where detailed investigations 
can be carried out on those locations that are found to indicate frequency 
changes over time.
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(v) By far the most promising use of dynamic characteristics for damage 
identification is found when applied to structures at element level. The studies 
performed on panels made to replicate parts of the floor slab, clearly show that 
natural frequencies and damping are influenced by the presence of damage. It is 
also apparent that these properties change to reflect the amount of damage 
imposed, and was found to occur repeatedly for many similar panels. A 
numerical model was established to define the degradation of the panels caused 
by static load. It was found from this study that damping and natural frequency 
measurements were sufficiently sensitive to detect cracking of the concrete. 
However, an interesting outcome is the finding that damping appears to be a 
better indicator of damage compared to the natural frequency, where larger 
changes to the magnitude of the former compared to the latter were found to 
occur after the defects had been introduced.
(vi) Having stated that damping and frequency indicate damage at element level, the 
importance of the amplitude dependence of these properties should be noted. 
The tests conducted in the laboratory have indicated that vibration measurements 
used to interpret damage should recognise the range of results that can be 
obtained if dissimilar response amplitudes are considered.
(vii) Interestingly, it was seen from the study that both natural frequency and 
damping characteristics changed with amplitude relative to a mathematically 
predictable scale. In the case of the composite panels, it was shown that the 
aforementioned characteristics had an amplitude dependency, which was relative 
to a logarithmic scale. With this knowledge, it may be possible to overcome (vi) 
above even if dynamic characteristics relative to similar amplitudes are not 
available. Thus, by obtaining data at a small number of amplitudes, additional 
data can be established from the projection of their general trend (i.e. using the 
logarithmic relationship). However, it should be noted that the previously 
mentioned logarithmic relationship was defined from data that represented 
vibration response over a fixed amplitude range, results beyond which may 
indicate a modified trend.
(viii) Mode shapes established from the response measurements gave very little 
insight into the changes that were occurring to the structural properties of the 
panels as a result of damage. This finding appears to suggest that the relative
337
Conclusions and Recommendations Chapter 10
amplitude of the points considered defining the mode shapes were not influenced 
by the distributed damage that occurred within the span of the members. Using 
a correlation exercise (the MAC value), to gauge the difference between mode 
shapes measured throughout damage relative to the panel in a pristine condition, 
no evidence of neither repeatable nor noticeable trends were found. However, 
the importance of the mode shape data for other uses, such as those involved in 
the calibration of measured and calculated dynamic characteristics, should not be 
dismissed.
(ix) A mathematical model has been proposed that can accurately match the profile 
of measured Frequency Response Functions (FRF) allowing additional 
parameters relative to the changing state of the dynamic characteristics of the 
panels to be defined. In the case of the model formulated in this thesis, it was 
found that the non-linear nature of the FRF, which was seen to produce a skew 
of the profile relative to that determined from a visco-elastic model, became 
exaggerated as progressive damage was induced. The parameters extracted from 
the application of this model were found to give an indication of the amount of 
change of the FRF skew characteristics, again using a scalar quantity. However, 
the candidate should like to point out that this model has not been prepared as a 
possible idealisation of the panel behaviour under transient or steady-state time 
varying dynamic response. But, the method does offer an additional means of 
assessing the changes that occur to the vibration characteristics of the panels as 
the latter become progressively damaged.
10.3 The Recommendations for Future Work
The research approach adopted for the studies presented, has followed that which can 
be termed as a 'top-down' procedure. As such, the application of the damage 
identification methodology was carried out at a relatively complex form of structural 
representation prior to considering a more 'simply defined' set of elements. On 
reflection of the conclusions, it is the candidate's opinion that a 'bottom-up' procedure 
should be followed for any future work in this area of research, where the findings 
from tests on smaller members are extended to larger structures. The extension at each
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structural level could then be conducted at a more refined stage of complexity, which 
could be used to build-up a library of damage indicators at each step to identify those 
dynamic characteristics that remain sensitive to the onset of degradation. It is the 
candidate's opinion that the damping properties of a structure will provide sufficient 
sensitivity, and as such should be incorporated in any future damage identification 
studies.
Taking the above points into account, the candidate recommends that the work of this
thesis could be extended to incorporate some or all of the following suggestions:
(i) The information collected from the laboratory work conducted on the composite
panels could be used to extend the study by considering a larger representative
segment of the building floor slab in order to repeat the static load / dynamic test
procedure. Focusing on the changes that occur to the frequency, damping and
FRFs, establish if these dynamic characteristics have similar trends to those
presented in this thesis. Then, by building up a library of the behavioural trends
due to damage, identify if the results can be projected to more complex
structural parts.
(ii) The numerical model of chapter 8 that was used to identify the probable cause 
for the degradation, based on strain and displacement data, indicate that concrete 
cracking and interface friction have characteristics that contribute to the manner 
in which degradation of the panels occur. Information established from this 
study supported the assumption that cracking was responsible for the 
degradation. This has provided a basis on which the natural frequency and 
damping changes (from chapter 7) could be related to the structural stiffness 
reduction of the panels. However, the study has not identified the influence of 
temperature changes on the dynamic properties of the panels, which in hindsight 
should have been established. Therefore, the candidate recommends that further 
tests could be carried out to identify the dynamic characteristics of the panels 
when subjected to a range of ambient temperatures - as well as temperature 
gradient throughout the panels. The candidate does not propose to link this 
study to structural changes due to temperature variations.
(iii) The natural frequency and damping of the panels have been identified as being 
dependent on amplitude relative to a logarithmic scale. With this knowledge, it
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should be possible to formulate a mathematical (or numerical) model that could 
match the time varying decay-of-vibration response of the panels at stages of 
damage. This approach may then provide a basis for a refined visco-elastic 
model, which could be used to calculate the vibration response of cracked 
concrete members. It is suggested that the visco-elastic model has been shown 
to be an accurate representation of the response of un-cracked members, with a 
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APPENDIX A
Theoretical Aspects of Modal Analysis and the Rationale of Modal Testing
A.I Vibration Response Signals - Theoretical Considerations
A. 1.1 Sinusoidal excitation of single-degree-of-freedom systems
It is unlikely that a structure can be realistically modelled as a 'perfect' single-degree- 
of-freedom (sdof) system. However, the characteristics of this model are extremely 
useful and are regularly used to represent other systems that comprise many more 
degrees-of-freedom. The relevance of the sdof system, and its use with higher order 
systems, is considered later in this appendix, but for now it is worth identifying some 
of the basic characteristics that control the behaviour of simple linear sdof structures.
A. 1.1.1 Steady state undamped response
The classical idealisation of a sdof undamped system is given by Figure A. 1 (a), where 
a mass (m) is supported by a spring of stiffness (k) and displacement is permitted in 
one direction only. The equation of motion describing the behaviour of this system is 
written in conventional form as,
or x(t) + d)n 2x(t) = — f(t) if co M 2 =— (A.I) 
m m
and «„ is the natural or resonance frequency of the system. The expression reflects the 
combined forces induced by the system when in motion and stipulates that the
combined kinetic m* and potential energy (kx) must be in equilibrium with the 
energy of the function,/(0- Assuming that the forcing function is sinusoidal in nature,
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i.e.
(A.2)
where F0 and «/ are the force magnitude and frequency of excitation respectively, 
from which a steady state solution for displacement, x(t), is obtained as,
m 2 -co, 2
(A-3)
Although extremely simple, eqn.(A.3) is very useful in that a basic understanding of 
the condition of resonance can be achieved. Focussing on the positive peak amplitude
values of this displacement response signal, i.e. when coy/ = — where n = 1, 5, 9, 13,
17,..., etc, and defining the produce of the equation in terms of a normalised quantity, 
a response model known as the Frequency Response Function (FRF) is defined.
— = —
F0 m , 2 -V (A.4)
From eqn.(A.S) it can be deduced that,
v X \ X— —» oo as co r —» co n , — ->— as Oy -> 0, and — —> 0 as coy —> oo (A.5)
where Jf is the peak amplitude of motion and con is the natural oscillatory frequency of 
the system. Therefore, the condition of resonance occurs as the applied forcing 
frequency reaches that of the natural frequency of the system.
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Figure A.I- Single-degree-of- freedom systems comprising: (a) spring stiffness (k) 
and mass (w); and (b) spring stiffness (k), mass (m) and damping (c).
A. 1.1.2 Steady state damped response
In reality, the condition of 'near-infinte' amplitude is very unlikely to occur and when 
dealing with civil engineering type structures is not possible due to mechanisms that 
contribute to the dispersal of the applied force energy. Examples of such mechanisms 
could be the friction at a bolted connection or the fretting of two surfaces in contact. 
Whatever the mechanism, it is usual to assume the overall contribution can be 
regarded as one, which is modelled as an energy dissipation mechanism or 'damping'.
Taking damping into account, the spring-mass sdof system earlier described is 
modified to comprise three components, i.e. the spring (k), the mass (m) and the 
damper (c), and is shown diagrammatically in Figure A.l(b). The equation of motion 
of eqn.(A.l) now becomes,
or, (A-6)
where C, = — is a damping ratio expressing the magnitude of the damper, c, relative to
cc
a critical value, cc = 2mco n . This critical value is important as it represents a
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condition that would prevent the occurrence of oscillatory motion of the free vibrating 
system. Damping expressed in this way is defined as visco-elastic, which 
characterises energy dissipation as a quantity that is relative to the velocity of the 
system when in motion.
Assuming the forcing function of eqn.(A.2) and describing the system response with,
x(t) = -9) (A.7)
where 9 is a phase angle between the force \f(f)] and the displacement [x(t)], the FRF 





Three characteristics can again be defined from this relationship,
X 1 X 1 X— ->• —— as CD /- -> co_, — -> — as co f -» 0, and — -» 0 as co/-->oo (A.9)
F0 2& f "' F0 k f F0 f
Equation (A. 8) is a useful expression as it allows the response of the system to be 
gauged relative to the amount of damping present. Also, it is seen from eqn.(A.9) that 
the amplitude of motion at the resonance frequency no longer has an infinite value but 
is controlled by the presence of the damping terms.
A. 1.2 Transient response of a damped Single-degree-of-freedom system
The steady state response of a damped sdof system is only part of the overall solution 
to the equation of motion given by eqn.(A.6), and will generally only occur when the
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system is excited in a manner that comprises a single sinusoidal component. This will 
only truly occur when the transient stage of the vibration has diminished, which for a 
sdof system subject to continuous sinusoidal loading will largely depend on the initial 
condition of the response at the start of the vibration event. Treating the transient 
response in isolation, however, will help to define additional important characteristics 
of a viscously damped sdof system.
A. 1.2.1 Viscously damped decay of vibration
The equation of motion for the free vibration of a viscously damped sdof system can 
be expressed as,
Equation (A. 10) has a number of solutions, which depend on the magnitude of the 
damping ratio, C,. However, in the majority of cases, where civil engineering 
structures are concerned, it is highly likely that the amount of damping present in the 
system will be low relative to the critical value of cc. For this condition it is 
convenient to assume that the displacement will be oscillatory and that is can be 
described using,
(A. 11)
where s is obtained by substituting eqn.(A.ll) into the differential equation of (A. 10), 
and solving for the roots of the characteristics equation. The results is a general 
solution in complex form, which can be written as,
where A and B are arbitrary constants determined from initial conditions. With initial 
conditions x(0) and jc(0), eqn.(A.12) becomes,
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-C «„ (0 + ^(0)cosI- (A.13)
Two important characteristics can be drawn from this expression. The first is that the 
oscillation frequency of the system depends on the level of the damping ratio, £,, which 
can be termed the 'frequency of damped oscillation'. Secondly, the response of the 
system subjected to the initial conditions at time t = 0 will 'decay' exponentially to 
zero, which is controlled by the decay function e~^ n ^ (the decay-of-vibration).
A. 1.3 The response of systems with more than one degree-of-freedom (the rationale 
of modal testing)
The assumption of a single-degree-of-freedom is a simplistic condition unlikely to be 
encountered in real civil type structures. Nevertheless, this system is actually a useful 
and meaningful representation of real structural behaviour and will later be used to 
demonstrate methods often adopted for the extraction of modal information such as 
natural frequency and damping. Before exploring these methods, it is first necessary 
to demonstrate how the characteristics identified earlier can be used to examine the 
behaviour of more complicated multi-degree-of-freedom (mdof) structures.
A. 1.3.1 Orthogonality of system equations - the basis for modal analysis
When dealing with structures that are more complicated that a simple sdof system, it is 
usual to consider the behaviour as a series of linear discrete degrees-of-freedom (dofs) 
that collectively reflect the fundamental characteristics of the overall system. A 
popular means of achieving this, which has itself received considerable attention in 
both its application and performance development, is the use of the Finite Element 
(FE) method. Indeed, as seen from the review of literature discussed in chapters 4, 5 
and 6, the FE method plays an important role for the detection of damage in structural 
systems where the natural frequencies and mode shapes can be calculated using,
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In this equation, [K] is a matrix of system stiffness and [M] a matrix of system mass,
while [co ] and [O] are matrices containing the eigen-values and eigen-vectors 
respectively of the system.
For symmetrical matrices [K] and [A/], which for engineering problem is most often 
the case, the solution to eqn.(A.14) can be achieved using well documented methods 
[Griffiths and Smith (1991), Press et al (1992) are examples]. To examine the 
response of these systems to forced vibration, a useful relationship exists that allows 
the combined system equation of (A.14) to be de-coupled so that individual vibration 
modes can be examined in isolation. This relationship is probably the most important 
in modal analysis and is a condition best known as the 'orthogonality of the natural 
modes'.
Consider the vibration of a spring-mass system using the conventional matrix notation,
where [K] and [M] are matrices containing properties of spring stiffness and mass
.... ..
respectively corresponding to the number of system dofs. [A] = {x\,X2,...,xn } and
[\] = {xl ,x2 ,...,xn } T are vectors that represent the acceleration and displacement 
respectively and are again consistent with the system dofs. Expressed in terms of the 
eigen- value problem, eqn.(A.15) becomes
where [o,,2] is now a diagonal matrix whose elements correspond to the natural 
frequencies of each of the n dofs (the eigen-values) and [O] is a matrix of system
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eigen-vectors given by [0>] = [{(|>} 1 i{«|>}2 :,...,i{(|>} II ], the mode shapes. Writing 
eqn.(A.16) in terms of two individual modes, say 1 and 2
(A.17a) 
(A.17b)




To make the next step easier, eqn.(A.lSb) is transposed to give,
(A.18c) 
and eqn.(A.lSa) is subtracted from (A.18c) giving,
This expression is useful as it suggests that for values of coj # (0 2 >
(A.20)
which defines the eigen-vectors of mode 1 and 2 as being orthogonal with respect to 
the mass matrix [A/].
In addition, if the eigen-vectors of the individual modes are normalised relative to the 
mass matrix to give,
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l (A.21a) 
=l (A.21b)
where the tilde indicates that the eigen-vectors are now mass normalised, eqn.(A.16) 
can now be re-written as,
~ T _ _ T
[O] [^][O] = [co M 2 ][O] [M][O] (A.22)
where [O] is the modal matrix comprised of the mass normalised modal vectors. And 
due to the relationships of eqn.(A.20a) or (A.20b), (A.22) gives,
[O] [£][$] = co w 2 (A.23)
Introducing a linear transformation vector, {q}={q\, 32, •••, <7«} T > such that,
[A] = [<*>]{<?} and [A] = [<D] &} (A.24)
are the displacement and acceleration respectively of the mdof system. Pre-
multiplying eqn.(A.16) by [®]r , and defining the expression in relation to mass 
normalised terms, then gives
T „ T
[O] [^][0]{g }+[0] [M][0]{<7} = 0 (A.25)
Due to the relationships of eqns.(A.20), (A.21) and (A.23), a system of de-coupled 
equations is formed and given by,
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7l=0
29 2 +o) 2 ? 2 -0 („ = number of dofs) (A.26)
= 0
Similarly, for a viscously damped structure subjected to a vector of forcing functions, 
the de-coupled equations of motion are written,
={<)>}/ /(O („ = number of dofs) (A.27)
where ^,, and 00, are the damping and natural frequency values appropriate to the
individual natural modes, {$}; is the mass normalised eigen-vector that represents the 
zth mode shape, and i = 1, 2, ..., n. Therefore, the total response at the z th dof to the 
forcing function f(t) can be calculated from a linear superposition of individual sdof 
system equations.
The significance of these equations is that the original mdof system has been reduced 
to a series of sdof systems. Therefore, if the solution to eqn.(A.16) is known (i.e. the 
natural frequencies and associated mass normalised mode shapes) the response of the 
structure to any arbitrary loading can be calculated.
A. 1.3. 2 Multi-degree-of-freedom frequency response function
Equation (A.27) has a useful application in that the displacement of a mdof system can 
be regarded as a simple summation of the sdof responses, which can be expressed as,
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i } = ft, >, {x, }, + ft" }2 {x, } . }„ (xt }n (A.28)
where i= 1, 2, ...,«, {^} is the total peak amplitude of the * th dof, {<)>,•}„ is the /* 
element of the wth mass normalised eigen-vectors, and {Xt } n is the response of the zth 
dof of mode n. Therefore, for a system subjected to a steady-state sinusoidal forcing 
function where the response of each dof is assumed to be of the form given by 







where i = 1, 2, ..., « modes, and &,• can be described as the modal stiffness of mode /. 
A.2 Determining of Natural Frequency and Damping
Theoretical aspects of vibration and modal analysis presented in section A.I above 
identify the characteristics of visco-elastic systems, and how mdof systems with 
separated modes can be regarded as a superposition of individual sdof systems.
This section discusses how the candidate made use of these principles to determine 
quantities of damping and natural frequency from measured response records taken 
from the structures studied for this thesis (i.e. expanding on the information given in 
chapter 3).
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A.2.1 Damping and natural frequency from decay-of-vibration records
Throughout all vibration studies included in this thesis, no attempt was made to 
measure the input forces used to induce transient excitation of the tested structures. 
This does not present a problem for the determination of the modal properties, 
provided that a number of issues are taken into account.
For the most part, the natural frequency and damping of the fundamental mode was of 
primary interest. Therefore, before analysing the vibration data the first priority was to 
ensure that the captured signal reflected a single vibration mode, which corresponded 
to the desired natural frequency of the structure. This was checked using a Fast 
Fourier Transform (FFT). The FFT allowed the frequency spectrum (autospectrum) of 
the signal to be determined. If the autospectrum indicated a single dominant response 
peak, the captured data could be analysed assuming that it represented a single mode 
of vibration. Only then could the decay-of-vibration response signal be used to obtain 
damping and natural frequency values representing single mode behaviour.
A.2.1.1 Damping from logarithmic decrement
A convenient means of assessing the damping of a structure is to quantify the rate of 
decay of the free oscillatory vibration. In general, the faster the rate of decay, the 
larger the damping. This can be achieved using the logarithmic decrement, 5, which is 
obtained from the natural logarithm of the ratio of any two successive amplitudes. 
Therefore, assuming that the vibration is viscous in nature, the logarithmic decrement 
is calculated using,
(A.30)
where *, and xi+ \ are two successive peak amplitudes of the captured time dependant 
decay signal. Solving for the damping ratio, C,, eqn.(A.30) becomes,
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(A-31)/ 2 - 
V47t 2 +8
where 8 is the logarithmic decrement. The derivation of eqn.(A.31) is not new, and for 
a full explanation the reader is directed to text by Thomson (1993), Clough and 
Penzien (1993) or Tongue (1996).
A.2.1.2 Damping from curve fitting
A more accurate means of identifying damping, which at the same time clarifies the 
characteristics of the decay, is the use of algorithms that fit theoretical equations of 
vibration decay to the data of captured signals. The advantage of this approach is that 
a comparison can be made between measured data and theoretical predictions allowing 
the accuracy of the assumed damping model to be assessed.
Where defined in this thesis, eqn.(A.31) was used to extract the damping from decay 
of vibration signals. An additional advantage of using this approach is that a 
crosscheck on the system natural frequency can be achieved, as the equation depends 
not only on the damping factor, C,, but also in »„.
A.2.2 Damping and natural frequency from the FRF
An alternative to methods that use time dependant data is to consider the system 
response in the frequency domain. The method employed for the studies in this thesis 
made use of the relationship of eqn.(A.29), which represents the FRF for a system 
with well separated modes of vibration. However, to obtain the damping and natural 
frequency of the fundamental mode, it is sufficient to use the equation with n = 1, 
which assumes that the frequency response comprises vibration components of a 
single mode only.
A-13
Theoretical Aspect of Modal Analysis and the Rationale of Modal Testing Appendix A
A.3 The Basis of the Fast Fourier Transform (FFT)
It is well established that any periodic function of period, T, can be represented as a 
series of sinusoidal components in the form of a Fourier series. In general terms the 
Fourier series of a time varying signal has the form,
£ 27tm " , . um2>m cos—-r+XXsm —-t (A.32)





am =—\x(t)cos——tdt (A.34) 
o
T
bm =— \x(t) sin -^ tdt (A.3 5)
o
are the Fourier coefficients of the signal. An alternative way of presenting these 
coefficients is to use complex notation, such that eqns.(A.33) to (A.35) can be 
replaced by,
„, f27tm T -j| —— t
}dt (A.36)-~m ~ m - m rp j >• ' - V^ ^•-"-r/ 
/«>O o
which represents the Fourier coefficients of the continuous response signal x(f). 
Applying this expression to a discrete signal where the response information for x(f) is 
defined by a finite data sequence, say {xr }, where r = 0, 1, 2, ..., N- 1, and Wis the 
number of Fourier terms comprising the signal, eqn.(A.36) becomes,
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X r =o
, where w = 0, 1,2, ...,N- (A.37)
Equation (A.37) is described as a discrete Fourier transform (DFT). However, to 
calculate all Am coefficients requires a significant number of calculations, i.e. N
(2ian \ -/ —— r
multiplications of {xr }e ^ N ' for N values of Am . For the full sequence Am , this 
would require TV 2 multiplications. This is unacceptable for a large sequence, not only 
from a computational standpoint, but also due to the round-off errors that would occur 
as a result of numerical truncation (if compiled by single precision computers).
To solve this problem, Cooley and Tukey (1969) proposed a method based on the 
DFT, which became known as the fast Fourier transform (FFT) method, and is the 
approach used throughout this thesis.
A.3.1 FFT using the Cooley and Tukey (1969) method
The method by Cooley and Tukey (1969) is based on a concept now known as 
partitioning, where the original finite sequence {xr }, where r = 0, 1, 2, ..., N - 1, is 
divided into shorter sequences \yr } and \zr } given by,
vr }={x2r] and {zr}={x2r+\} where r = 0, 1,2, ..., (A.38)
The DFT of these shorter series now become,
N/2~ l
y = r }er '
2nm
N/2~ l (2wn
where w = 0, 1,2, ...,| — -1 | (A.39a)
where ™ = 0, 1,2,..., — -1 (A.39b)
allowing the original DFT of eqn.(A.37) to be obtained from,
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IJV/2-1 -jl^^-rl -i\^^\NI2-\ -/(———r]
r* +e {zr}e (A4Q
r=o
or
Therefore, the DFT of the original sequence {xr } can be obtained from the DFT's of
the two sub-sequences [yr ] and {zr }. In addition, if the length of the original 
sequence is equal to,
N = 2" (A.42)
where n is an integer value, then the new sequences can be reduced into further sub­ 
sequences, and so on, until each contains a single term. However, eqn.(A.41) will
(N ^ only take care of half the required Am values for m = 0, 1, 2, ..., — -1 as given by





and is the basis of the FFT analysis, often termed the computational butterfly 
technique.
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APPENDIX B
The Eight-Storey Steel-Framed Building at the Large Building Test Facility, 
Cardington, UK - 'As-Built' Structural Details
General Notes:
The information presented in this Appendix relates to the general arrangement of the 
structural members for the eight-storey steel-framed building. Other information that 
should be considered is as follows:
(i) Vertical cross bracing was installed in the building, which extends the full height 
of the structure. The locations of these braced zones are coincident with the 
grid-line referencing system (shown on the diagrams) and comprise of 250mm 
wide by 15mm thick flat steel plates, which are positioned diagonally between 
floor. Connectivity at the ends of the bracing members is via bolted steel cleat 
joints, which are located at the intersection of the beams and columns at each 
floor over the affected region. The locations where these bracing members have 
been installed are listed below, and have been given relative to the grid-line 
system shown on the diagrams:
• along grid-lines A, C, D and F - from grid line 2a to 3.
• along grid-line 3 - from grid lines A to Al and El to F
• along grid-line 2a - from grid-lines C to Cl and Cl to D
(ii) Masonry walls have also been installed at various parts of the structure. These 
walls are 140mm thick and have been constructed to full storey height in some 
locations, and 900mm in others. Again using the grid-line referencing system, 
the positions of these walls are:
• along grid-lines A and F - full storey height at all stories (except the 8th)
• along grid-lines a and 4 - 900mm high from the finished floor level at all
storey levels.
(iii) Each floor of the building has been constructed using a composite system 
incorporating steel profile decking produced by PMF Ltd. The trade name of the 
decking is ComFlor 70, where the finished composite floor spans parallel to
B-l
The Eight-Storey Steel-Framed Building ... 'As-Built' Structural Details Appendix B
grid-lines A to F. (Shaded area on the diagrams indicate voided zones within the 
slab).













305x1 65x40 UB Grade 50
356x171x51 UB Grade 50
254x146x31 UB Grade 50
168.3x10 CHS Grade 43
610x229x 101 UB Grade 50
686x254x1 70 Grade 50
305x305x137 UC Grade 50
254x254x89 UC Grade 50
305x305x1 98 UC Grade 50
All members have the shapes and dimensions as set out in BS 4 : Part 1: 1993, while 
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APPENDIX C
























Measured strain data obtained from panel type S 1 .
Measured strain data obtained from panel type S2.
Measured displacement data obtained from panel type SI.
Measured displacement data obtained from panel type S2.
Natural frequency determined from the measured impact response 
signals using a fast Fourier transform method - Panel type SI .
Natural frequency determined from the measured impact response 
signals using a fast Fourier transform method - Panel type S2.
Natural frequency determined from the measured decay-of-vibration 
response signals using a fast Fourier transform method - Panel type 
SI.
Natural frequency determined from the measured decay-of-vibration 
response signals using a fast Fourier transform method - Panel type 
S2.
Damping determined from measured impact response signals - Panel 
type SI.
Damping determined from measured impact response signals - Panel 
type S2.
Damping determined from measured decay-of-vibration signals - 
Panel type SI.
Damping determined from measured decay-of-vibration signals - 
Panel type S2.
Natural frequency determined from the frequency response function - 
Panel type SI.
Natural frequency determined from the frequency response function - 
Panel type S2.
Damping determined from the frequency response function - Panel 
type SI.
Damping determined from the frequency response function - Panel 
type S2.
Normalised mode shape data - Panel type SI.
Normalised mode shape data - Panel type S2.
List of concrete properties determined from standard laboratory tests 
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5 3 3.5 4 4.











































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Laboratory Readings Obtained from the Composite Steel / Concrete Panels Appendix C
Measured displacement data recorded from the composite panels tested in the 
laboratory.
Table C.I9 - Panel SI - Numbers 1 and 2: Displacement data
























































































































Table C.20 - Panel SI - Numbers 3 and 4: Displacement data
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Table C.21 - Panel SI -Numbers 5 and 6: Displacement data







































































































































































































Table C.22 - Panel SI - Numbers 7 and 8: Displacement data
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Table C.23 - Panel SI - Numbers 9 and Panel S2 - Number 1: Displacement data
































































































































































Table C.24 - Panel S2 - Numbers 2 and 3: Displacement data
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Table C.25 - Panel S2 - Numbers 4 and 5: Displacement data
















































































































































































































Table C.26 - Panel S2 - Numbers 6 and 7: Displacement data
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Table C.27 - Panel S2 - Numbers 8 and 9: Displacement data
































































































































































Natural frequency data determined using an FFT of measured impact-response 
signals obtained from the panels tested in the laboratory. Frequencies quoted to the 
nearest one decimal place.
Table C.28 - Panel SI - Numbers 1 and 2: Natural frequency data (from FFT)
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Table C.29 - Panel SI - Numbers 3 and 4: Natural frequency data (from FFT)
















































































































Table C.30 - Panel S2 - Numbers 1 and 2: Natural frequency data (from FFT)








































































































Table C.31 - Panel S2 - Numbers 3 and 4: Natural frequency data (from FFT)
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Natural frequency data determined using an FFT of measured decay-of-vibration 
signals obtained from the panels tested in the laboratory. Frequencies quoted to the 
nearest one decimal place.
Table C.32 - Panel SI - Numbers 1 and 2: Natural frequency data (from FFT)
























































































































Table C.33 - Panel SI - Numbers 3 and 4: Natural frequency data (from FFT)
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Table C.34 - Panel S2 - Numbers 1 and 2: Natural frequency data (from FFT)








































































































Table C.35 - Panel S2 - Numbers 3 and 4: Natural frequency data (from FFT)
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Damping data determined using the BRE suite of computer programs (see chapter 3) 
from measured impact response signals obtained from the panel laboratory test. This 
data was obtained from the signals over a fixed time length and relative to consistent 
maximum amplitude.
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Damping data determined using the BRE suite of computer programs (see chapter 3) 
from measured decay-of-vibration signals obtained from the panel laboratory test. 
This data was obtained from the signals over a fixed time length and relative to 
consistent maximum amplitude.
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Natural frequency data determined using the BRE suite of computer programs (see 
chapter 3) from measured Frequency Response Functions (FRF) obtained from the 
panel laboratory test.
Table C.40 - Panel SI - Numbers 1 and 2: Natural frequency data (from FRF)






























































































































Table C.41 - Panel SI -Numbers 3 and 4: Natural frequency data (from FRF)
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Table C.42 - Panel S2 - Numbers 1 and 2: Natural frequency data (from FRP)














































































































Table C.43 - Panel S2 - Numbers 3 and 4: Natural frequency data (from FRF)
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Damping data determined using the BRE suite of computer programs (see chapter 3) 
from measured Frequency Response Functions (FRF) obtained from the panel 
laboratory test.
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Mode shape data determined using measured steady-state vibration response signals 
obtained from the panel laboratory test.
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Properties of the concrete determined from standard laboratory tests carried out on 
100mm cube samples.



















































































































































Properties of the concrete determined from standard laboratory tests carried out on 
150mm diameter, 300mm long cylinders.
























































































































































(Note: n = xlO"b mm/mm)
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